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Preface to the Fifth Edition 


Since the first edition of this work was written the basic principles of measurement 
have not changed greatly. Lasers have been introduced and are used both for 
small scaie and large scale measurements, and diffraction gratings have been 
adapted to the measurement of the movement of machine slideways. The major 
change in recent years has not been in measurement but in the application of 
computers to the field of metrology. 

This new edition, therefore, includes applications R lasers and diffraction 
gratings to measurements in the chapter on interferometry, and a new chapter has 
been added, ‘Computers in Metrology’. This considers the application of 
computers to standard metrological work, the application of dedicated micro- 
processors to specialized equipment such as that for the measurement of surface 
texture and roundness and the calibration of gauge blocks using lasers. The 
control of coordinate measuring machines by microcomputers that perform the 
necessary calenlations and print out the results is included, as is the interfacing of 
digital measuring equipment to computers, which ‘has led to a wider use of 
Statistica! process control. 

The opportunity has been taken to update again areas where British 
Standards have been revised, notably the section.dealing with limit gauges, which 
nave reveried to a revised version ot B. S. 969. 

The Business and Technician Education Council (BTEC) is still developing 
its programmes for Eugincering, many of which will continue to have a need for 
metrology in units dealing with manufacturing and in specialized fields of quality 
engineering. The peok covers the syllabus for the Institute of Quality Assurance 
(V.Q.A.) subject, ‘Engineering Dimensional Metrology’, and it has come to the 
authors naues that it is used on some engineering degree courses, both in the 
U.K. and overseas. 

{tis the authors’ hope that the work will continue to be of interest to those 
studying or cagaged in the field of tine measurement, wherever they may be. 


Luton 1988 J.F.W.G. 
C.R.S. 
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CHAPTER 1 


Errors in Measurement 


1.1 SCOPE 


ALL engineers, regardless of the branch of the profession to which they belong, 
are constantly faced with the problem of measurement. It may be of time, mass, 
force, temperature, the flow of an electric current, length, angle, and so on; or it 
may be of the effects of some of these in-combination. Almost invariably, the 
results of such measurements wiil determine the course of action the engineer 
takes thereafter. Thus the results obtained by measurements provide information 
upon which decisions are made. 

All such measurements form part of the science of metrology. The mechanical 
and production engineer are, however, especially concerned with the measurement. 
of length and angle. Of these, length is of fundamental importance since angular 
measurement may be carried out by the appropriate use of linear measurements in 
combination. 

Thus the purpose of any measurement is to provide a service to enable a 
decision to be made. The service will not be complete unless the measurement is 
made to an acceptable degree of accuracy, but it must be realized that no measure- 
ment is exact. It is therefore necessary to state not only the measured dimension, 
but also the accuracy of determination to which the measurement has been made. 
As far as possible the errors inherent in the method of measurement used should 
be kept to a minimum, and having minimized the error, its IDOA magnituds, 
or accuracy of determination, should be stated. 

it follows that it is not enough to state that the amal size of a gauge block 
is, for example, 30 mm: It is also necessary to state: 


(a) The measured error in the block, e.g. -0:0002 mm. 
(b) The accuracy of determination, e.g. +0-0004 mm. 


The user, having this information, may now avail himself of it if necessary. 
If the gauge block is used ‘to set the datum for a vernier height gauge which can 
only be read to 0:02 mm, then the gauge block errors are negligible and can be 
ignored. If on the other hand, it is used to set up a comparator whose scale 
divisions represent 0-001 mm, then the measured error is significant and must be 
cousidered, and the accuracy of determination of the gauge block must be incor- 
porated in the accuracy of determination of the comparison being made. 
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It must be pointed out here that in this chapter reference will be made to 
subsequent work throughout the book. 


12 TYPES OF ERROR 


Generally the errors incurred in any measurement can be considered to be of two 
distinct types, those which should not occur and can be eliminated _ by careful 


work and attention to detail, and those. which < are inherent in the measuring 
process. 


1.21 Errors Which Can Be Largely Eliminated 


1.211 Calamitous or Catastrophic Errors 
These are errors of large magnitude having two fundamental causes: 


(a) Misreading an instrument. A micrometer is misread as 6:28 mm or 5-78 mm 
instead of the correct reading, of 5-28 mm. 


(b) Arithmeéic errors. These are usually errors of addition. A simple check 
is to make the calculation twice using different methods, e.g. add a column of 
figures twice, first upwards then downwards, to ensure that the two results coincide. 


In most cases such errors give a result so different from that expected that it 
is obvious when an error has occurred, and the measurement is repeated and the 
error detected. This may not always be so, however, and such errors can only be 
avoided oy care and attention to detail. 


1.212 Alignment Errors 


This type of error occurs when the measuring instrument is misaligned 
relative to the workpicce. It usually results in the measured dimension M being 
related to the actual dimension D by one of the trigonometrical ratios. Hence 


ee onas a vo mam o ee oe roem um 


Fie. Li. Cosine errer due to misalignment of measuring insivunent. 
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such errors are known as trigonometrical or cosine errors. A simple example is 
shown in Fig. 1.1, where a dial gauge is inclined at angle @ to the required line 
of measurement. It can be seen that D=M cos 8. 

Another form of this error is parallax, where the line of sight is not normal to 
the instrument scale. This problem is discussed further on page 56. 


1.213 Errors Due to Ambient Conditions 


Most measurements are affected to a greater or lesser extent by the environ- 
ment in which they are carried out. The most important condition is the tempera- 
ture, both of the workpiece and of its surroundings. The international standard 
temperature of measurement is 20°C (68°F) and the ambient temperature should 
be maintained at this level. However carefully this is conirolled, it is to no avail 
if the temperature of the workpiece is allowed to vary. Handling a gauge changes 
its temperature, so it should be handled as little as possible, and having been 
handled, allowed to stabilize. Where measurernents are being made to a high 
order of accuracy a time of 20 minutes per 25 mm length of gauge is recom- 
mended. During a measurement it is best if all of the components used are left 
standing on a cast iron suriace plate rather than a plastic or wooden bench top. 
The cast iron, being a good conductor, acts as a heat sink and dissipates tempera- 
ture differentials more ‘rapidly. 

There are two situations to be considered when the eftects of temperature 
ate to be discussed: 


(a) Direct measurerscut. Consider a gauge block being measured directly 
by interferometry (see Chanter 2}. Here the efect of using a non-standard tempera- 
ture produces a proportional error: 


Error = iat -- 13) 
where f=nominal tengih 
a= coefficient of expansion 
(i - fy) = deviation from standard temperature 


(b) Comparative measurement. IE we consider two gauges whose expansion 
coefficients are yespechisc:y a, and as, thea (he error due to a non-standard 
temperature wul be 

Error = Kay -tat -- ts) 


As the expansion coef cleats are small suimbers, the error with be very small as 
long as both parts are at the sane temperature. Thus in comparetive measure. 
nents it is nuportant that ali components in (ne ineasuring system are at the seme 
ternperarure racher than necessarily at standard temperature. 


Other arabient condiieas may affect the result of a measurement. If a gauge 
block is being mwasured sy interferometry, then zelative humidity, AES 
Dresstve and careca o LOEN ot tne air affect the refractive index of th 
atmosphere. Kusss conditi should att be recorded during the test and the 
RECOSSELY COTTE ee MQ . 
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1.214 Errors Due to Elastic Deformation 


Any elastic body subject to a load will undergo elastic deformation. The 
magnitude of the deformation will depend upon the magnitude of the load, the 
area of contact and the mechanical properties of the materials in contact. It is 
therefore necessary to ensure that the measuring loads are the same in comparative 
measurement. 

In most instruments used in fine measurement, comparators, bench micro- 
meters, etc., the measuring pressure is reasonably constant, and it follows that the 
greatest difficulty is due to different types of contact when first setting an instru- 
ment to a gauge and then taking a reading on the work under test. A striking 
example of this is in the measurement of the simple effective diameter of a screw 
thread where the setting master requires two-point contacts and the thread has 
four-point contacts in the vee form. Tables of corrections are published* and 
may oe used if the required accuracy warrants such correction. _ 

If a comparison is to be made to a high order of accuracy between com- 
ponents of different radius and from materials whose elastic properties differ, 
notably the elastic modulus E and Poisson’s ratio v, then correction can be made 
for the difference in elastic deformation which will occur when the measuring 
stylus is brought into contact with the setting gauge and the workpiece. 

The expression below, derived from the work of S. Timoshenko,f describes_ 
the deformation, i.e. the change in centre distance between a spherical stylus and 
a spherical surface when they are brought together under a pressure W. 


1:3 
Total deformation 6 = 1-774 W28(k,+k yet ! z) 


Re 
in which R,=radius of gauge R,=radius of measuring stylus 
-- p.2 A2 
k= l 2 b "2 
E, Es 


[f the comparative measurement consists of setting the comparator to a 
gauge A and taking a reading on gauge B, then the error incurred will be 
(54 -- dp), appropriate values for k,, ka, R, and R, being inserted in the expression 
for ô for both situations, A and B. 

Another form of elastic deformation-is that which occurs when a body sags 
under its own weight. This problem was considered by Sir G. B. Airy, who showed 
that the positions of the supports can be arranged to give a minimum error. Two 
conditions are considered, both shown in Fig. 1.2, one where the slope at the 
ends of the bar is zero and the other where the deflection at the ends is equal 
to the deflection at the centre. In the case of line standards the bar is made of 
‘H’ section with the scale engraved on a surface in the plane of the neutral axis. 
Thus the elastic deformation due to sag has the minimum effect on the length of 
the scale divisions. 


+ N tes on Applied Science No. 1: Gauging and Measuring Screw Threads, (N.P.L.) H.M.S.O. 
. fimosbenko, Theory of Elasticity. NicGraw-Hill. 
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(a) LINE STANDARD AND END BARS. 
SLOPE AT ENDS ZERO 


(b) STRAIGHT EDGES. 
DEFLECTION AT ENDS EQUALS DEFLECTION AT CENTRE 


Fig. 1.2. Support positions for different conditions of measurement. 


1.22 Errors Which Cannot Be Eliminated 


No measurement can be made to give an exact dimension. Fundamentally this is 
because eventually the numerical value recorded depends upon the human eye 
reading a scale. The reading therefore becomes an estimate, the accuracy of which 
depends on the accuracy of the scale, the ability of the operator to read the scale, 
and in some cases the sensitivity of touch or feel on the part of the operator. 


1.221 Scale Errors 


If the scale against which a measurement is made is in error, then obviously 
that measurement will be in error. This can only be overcome by calibrating the 
instrument scale against known standards of length over its whole length. 

In comparative measurements the effects of scale errors are reduced by using 
as short a length of scale as possible, by choosing a setting master whose size is 
as close to that of the gauge being checked as is conveniently possible. 


1.222 Reading Errors 


How accurately can a scale be read? This depends upon the thickness of the 
rulings, the spacing of the scale divisions and the thickness of the datum or 
pointer used to give the reading. 

As a guide, a reading of a pointer or datum line against a scale division can 
be taken as having an accuracy of +10% of the scale division. On the other hand 
tbe estimate of the position of a pointer between the rulings will be less accurate 
and should be taken as +20% of the scale division. Thus 4 reading of —3 units 
taken off a scale whose divisions represent 0:001 mm wouid represent a compara- 
tive measurement of - 0-003 mm to-an accuracy determination of +0-0001 mm. 
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If, however, the reading had been -3:4 scale units, then it would represent 
—0:0034 mm +0-0002 mm. 

It must be realized that when a measurement is made with a comparator 
this type of error occurs twice, first when setting the instrument to a master 
gauge and again when the reading is taken on the workpiece. 


1.223 Measuring Errors 


The different types of error discussed above are cumulative, and in some 
cases a further amount must be added to allow for sensitivity of touch or feel. 
This will depend upon the type of instrument being used, and in general the effect 
is eliminated with comparators. 

Consider now the problem of measuring the error in a plain plug gauge of 
nominal diameter 25 mm. The measurement is to be carried out using a com- 
parator having a magnification of 5000 x which is set to a gauge block of nominal 
length 25 mm having a known error of —0-0001 mm to an accuracy of determina- 
tion +0:0002 mm. The comparator reading on the gauge block is O scale divisions 
and on the plug gauge -1:2 scale divisions. 

In this case the effect of elastic deformation can be ignored as the two parts 
are of similar material under similar pressure, although the conditions of contact 
are slightly different. The problem can be set out in a tabular manner as follows. 


ST SPS OT OF RS ES MS Se A 


oS am ET RRS AEE] 


Amount or | Accuracy of | 
| Error Element Reaaing Determination 
Gauge block --0-000] mm | +0-:0002 mm 
Comparator setting 0 +0-0001 mm 
| Comparator reading | ~ 0-0012 mm +0-0002 mm 
De a a ac | ene asa teen ents eee a Ss ee E 
| Totals -- 00013 mm +0-0005 mm = | 


OEE s u ES © OL ee oD OT OP SS SE NED SS FU eS SD DO CEES OE O SESS | GES “| 


Thus the gauge size is found to be 24-9987 mm but the accuracy of determina- 
tion shows that it can be anywhere between the values of 24-9992 mm and 24:9982 
mm. In fact the accuracy of determination is likely to be better than +0-0005 
mm (see page 11). 


13 COMPOUND ERRORS 


Many cases occur in which the measurement finally computed is a function «fa 
number of individual measurements 2, b, c, ete., all of which have individual 
accuracies of determination ĝe, 33, 5,, ctc.; then the accuracy of determination of 
M, which we can denote dM, could be found by substitating in the expression for 
M the maximum and minimum values of a, b, c. ste., and thus finding the maxi- 
mum and minimum values for M. 


ON 
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This would obviously be a laborious process, and the problem is better solved 
using partial differentiation, whence it can be shown that 


oM ð 
dM =——. ôa + i . ôb oe Sc, etc. 
da 3b ` 
oM . ; : ; : , 
where — is the differential coefficient of M with respect to a, all other variables 
being considered as constants in this term 


ni is the partial differential of M with respect to b, etc. 


Consider the problem on page 117, where it is shown that for a particular 
measurement, 
Ww 


D= =L +r 


Let L=400 mm and ôL = 4:-0:025 mm 
W= 50 mm and 535W =-1-00 mm 
D oD 


dD = Pa L+. w| 


h er [W 
= tt RA (Sp) oF | 


50?) 2« 50 
2 l 
= of fi - 343) 025 +35] mam 


aD = (0-024 4-0-031] mm 


This solution has been deliberately left in two parts so that the significance 
of each part of the expression can be shown. Note that the crror of +0:025 mm 
in Z has a direct effect on the value of D, but the crror of +1-00 mm in W only 
affects M by an arnount of 0:03) mm, the point being that Z must be determined 
i : far higher order of accuracy than W as dD contains 96% of ôL but only 3% 
of òy, 


id THE EFFECT OF AVERAGING KESULTS 


The accuracy of det: an inati on is the amount by which if is estimated that 2 
RCASUTCME ent ile ae avata from its true valve, put it is not necessarily trus that 
it does so, By chauce ihe mezsurement could possibiy be ezacity tight or it ae i 
deviate from the irns size by any fraction of iho accuracy of determination. Th 
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is no way of knowing other than using a method of measurement with a better 
accuracy of determination. 

If we repeat the complete measurement a great many times, we should get a 
number of different values for the measured size x and we could obtain a frequency 
distribution by plotting a tally chart (see page 208) of these values. From this 
information we could calculate the standard deviation o of the values (page 210). 
It is known that 99-28 & of the observations will lie within +30 of the mean of the 
observations, so that we can say that for practical purposes the estimated accuracy 
of determination is equal to +30. 

If now we take the observations and divide them into random sub-groups of 
n and for each sub-group calculate its mean size x, we can produce a frequency 
distribution for the values of x. A little thought will show that this distribution 
will be more closely grouped about the true mean size than that for the individual 
sizes. It can be shown that 


gees 


a/n 


where om=standard deviation of the means x 
o=standard deviation of the individual observations 
n=sub-group or sample size 


It follows that the accuracy of determination of the mean size of a sample of 
n observations is 


3 30 
+30om or En 
Statistical tables show that approximately 95% of all observations lie within 
+20 of the mean of the observations, and approximately 65% lie within the limits 
of +1o of the mean. Hence we can now state the confidence with which we give 
the accuracy of determination. Let the estimated accuracy of determination of a 
single observation be +5. As this represents +30 we can say that we are confident 
this accuracy of determination will hold good for more than 99% of all such 
observations. More simply, we say that +6 represents the 99% confidence limits. 
Similarly, -+2o=+45 giving 95% confidence limits and t lo= +48 giving 65% 
confidence limits. 
If we apply this to the mean size of n observations, we see that 


5 
99% confidence limits = si 95% confidence limits = 1$ 


a 48 
ce] = 
65% confidence limits = E 


To do this with accuracy we should have to take a large number of observa- 
tions and from them calculate the true value of the standard deviation, but by 
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{ 
estimating the accuracy of determination we can not only give its value but e': 
the approximate degree of confidence we can assign to that value. 


15 GRAPHICAL METHODS 


If an experiment is carried out to find the law relating two measured teeter es 

x and y, it is usual to plot a graph of the readings and determine the law of 
graph by plotting a mean line, i.e. we are averaging out the errors in the indivia. a a 
observations. Usually the observations are manipulated to give a straight | « 
graph of the general form y=ax +b, where a is the slope or gradient of the ...: 
and b is the intercept on the y axis. If the line is drawn on the graph in a posif 
estimated by eye, then this will still be liable to error. If at each point a rectai._. 
is drawn representing the accuracy of determination of the individual obse({ 
tions, then two lines can be drawn through the extremes and two laws calcula. 
these giving the limits of the accuracy of determination of the derived law. Thy l 
obviously a tedious process, and a better method is known as the method of ! 
squares. 


( 
1.51 Method of Least Squares ( 


Consider the slope a of the graph. This may be expressed as the average increas: 
in y for a given increment of x, and it can be expressed as ( 


Zx- x)’ - 9) 
~~ 3x — x)! 


In practice this expression for a necessitates a laborious calculation. A genl 
expression which simplifies calculations by enabling the original data to be vse: 


without first calculating the means is ( 
Ex( Ey) 
f axy- = ( 
enemy XN as eee 
ax? — Cay ( 
n 
Having found the best value for a, the best value for 6 can be found by sul ( 
tuting average values for x and y in the expression 
y=axtb or o 
z 

where j? and X¥=— | 

h n ` ( 


The problem is best set out in tabular form, and from the above expressi. ..$ 
we see that we shall need columus for the observed values x and y and furt( : 
columns for x? and xy. The total values Zx, Zy, Zx? and Zxy will also be requi: .. 

Consider the experimental values for x and y below: ( 
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x 4 5 6 7 
y 31 | 331 37 33 
x 16} 25 36 49 
xy 124 | 165 | 222 | 231 | 288 | 369 | 440 | 627 | 684 | 702 | 3966 


From (1) above, 


481 x91 
3966 -— 13 3966 — 3367 


sg 91x91 811-637 
Ls ee 
3 
a=3-29 
_ 481 _ 91 


Substituting for x and y in expression (2), 
7=(3-29 xT} +b 
b= 13-97 
The law of this particular straight line is then 
y= 3-29x + 13-97 


If now we substitute the values of x in the above expression, we obtain the 
theoretical values of y which we may denote Y. The errors in the observed values 
are then (y- Y). This calculation requires two extra columns in the tabular 
calculation; y=ax+b and (y~ Y). 

It has been suggested* that this metho< should be used in the evaluation of 
straightness and flatness tests. 


16 SUMMARY 


The main points arising from rhis chapter may be summatized as follows: 
(a) All measurements are sxxbject to error. 


(b) The possible deviation from the stated measurement should be estimated 
and given as an accuracy of determination. 


(c) The accuracy of determination can be improved by repeating the rneasure- 
ment a number of times and stating the mean value. 


"A. J, Scar, Proce, 0, Mech. E. Vol, 82, part 1, no. 23, 1967-8, 
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(d) Statistical methods of expressing the accuracy of determination, and the 
sonfidence with which it is stated, are available and should be understood and 
used. 


(e) Statistical methods may also be applied to the analysis of experimental 
data which are normally expressed graphically, and in general these methods give 
a better fit of the experimental data to the laws derived therefrorn. 


In the section dealing with accuracy of determination and measuring errors 
(on page 6) the accuracy of determination calculated represents the worst possible 
case. In the example quoted there are three elements to the measurement: 

(a) the gauge block 

(b) the comparator setting 

(c) the comparator reading 


each one having an accuracy of determination +6), +62 and -£é3. The accuracy 
of determination calculated is the arithmetic sum of the individual accuracies 
+ (81 + 52 4-53). 

In fact it must be realized that 61, 52 and &3 all have equal chances of being 
plus or minus, and the probability of any or all of them being at a maximum 
value is small. Statistically a better estimate of accuracy of determination is 


given by: 
accuracy of determination = + \/(51? -+ 82? + 83°) 
= +0-0001 4/(22 + 124 22) 
== -jz 0:0003 
Similarly, in the example on page 7, the best estimate of accuracy of determina- 
tion, dM, is giyen by: 
dM == + +/[(0-024)2 + (0:031)2] 
aM =+0-039 mm. 


CHAPTER 2 


Light Waves as Standards of Length 


2.1 THE EVOLUTION OF A LENGTH STANDARD 


It is fundamental to the science of measurement, and hence the degree of control 
which it exerts on the development of technologies, that it should be based on an 
agreed, and if possible internationally agreed, system of standards. For many 
years the major industrial countries of the world used two systems, imperial and 
metric. 

The disadvantages of such an arrangement are evident when one considers 
that a very large part of the world’s population used metric units, but that impor- 
tant industrial countries, notably the United Kingdom and the U.S.A., used both 
imperial and metric units, the former being dominant in the industrial field. Vir- 
tually the only concession made by these countries was that scientific work was 
carried out in metric units. 

The basis for a solution to this confusion was established in 1960 when the 
General Conference of Weights and Measures, an international body, recom- 
mended that SI units should be brought into use to replace existing metric units. 
SI is an abbreviation of Système International d’Unités (International System of 
Units) which has grown out of the MKS (metre, kilogramme, second) system and 
the MKSA (metre, kilogramme, second, ampere) system. The major industrial 
countries, including those at present using a metric system, have adopted the 
recommendation. Thus the United Kingdom is at present in the process of con- 
version from imperial to SI units. The process will take some years for its 
completion. 

The standard of length, therefore, will be the metre, and for the purposes of 
this book will be the most important of the SI units considered. 


2.11 The Metre Defined 


As part of the evolution of a universal standard of length, the International Com- 
mittee of Weights and Measures recommended in 1958 that the metre be defined as 
1 650 763-73 x à 


where A = the wavelength, in a vacuum, of the orange-red radiation of the isotope 
krypton 86 
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It is this definition which has been universally adopted by those countries using, 
or intending to use in the future, SI units. 

Clearly, a universal standard must be one which is reproducible with such a 
degree of accuracy that for all industrial and scientific purposes it may be con- 
sidered as absolute. By means of interferometry, the error of reproduction of the 
metre is of the order of 1 part in 100 million. Similarly, any subdivision of the 
metre may be produced, and reference to B.S. 4311: Slip (or Block) Gauges and 
their Accessories shows that the practical working standards of length used in 
industry are of such accuracy that the calibration and reference grades of these 
must be verified by interferometry, that is, in terms of the wavelength of light. 


2.2 THE NATURE OF LIGHT 


Interferometry is that branch of science which is concerned with the manner in 
which rays of light, produced from a common source, are recombined by a lens 
system, usually the eye. The difference in path lengths along which the rays travel 
before being recombined determines their phase relationship, and hence the 
sensation or otherwise, of light entering the eye. 

For an understanding of the phenomena associated with interferometry, it 
is necessary to consider the nature of light. 

Two theories have been advanced to explain the nature of light: the Emission 
Theory, and the Wave Theory. The former was advanced by Newton, and con- 
sidered light as consisting of particles emitted by luminous bodies, the impact of 
the particles on the eye causing the sensation of light. 

The wave theory, however, was advanced by Huygens, and considered light 
as a wave motion propagated in the ether. 

It is this theory, and its subsequent development, which satisfactorily explains 
the phenomena associated with light, including that of interference. 

If, then, light is considered as an electromagnetic wave of sinusoidal form, it 
may be represented as in Fig. 2.1. 


Fig. 2.1. Light represented as a sine wave. 
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The direction of propagation is along the O-X axis, and the distance travelled 
by the wave during the time (7) occupied in one vibration, is the wavelength A. 
That is, at points of equal disturbance such as P P,, the distance between these 
points constitutes the wavelength. The maximum disturbance of the wave is the 
amplitude, a, and its intensity a*. The velocity, v, of transmission =4/T and fre- 
quency = 1/T. 

For any given monochromatic light source, these characteristics are virtually 
independent of ambient conditions such as temperature and pressure. 

If we now consider, for example, the use of the green radiation from the 
spectrum of mercury 198 as a monochromatic light source for the absolute 
measurement of length, we have a wavelength of 0-5461 um of such reproducibility 
and sharpness of definition, that length measurement of an accuracy of 1 part in 
100 million may be made. 

For many engineering purposes, white light, formed of the colours and there- 
fore wavelengths of the visible spectrum, constitutes a valuable and convenient 
light source. 

The following chart shows the approximate wavelengths of the colours 
forming the visible spectrum, and explains why such sources cannot be con- 
sidered as being suitable as the basis of absolute length measurement. The indi- 
vidual colours cannot be sharply defined as being of definite wavelength, but for 
many practical measuring problems it is appropriate to consider the average 
wavelength, approximately 0:5 um, of white light formed by the blending of the 
visible spectrum colours, as being sufficiently accurate to constitute a standard of 
length. 


Range of Wavelengths | Range of Wavelengths 
(um) 


py Colour (pin) 

| Violet 15-7-16-7 0-396-0-423 

| Blue 16-7-19-3 0:423-0:490 

| Green 19-3—22-6 0:490--0-575 

| Yellow 22°6-23°6 0°-575—0:600 
Orange 23°6-25-4 0-600-0-643 

| Red | 25:4-27°5 0-€43-0-698 | 


That the primary colours have such ill-defined wavelengths is the principal 
reason for the intensive efforts made by physicists over many years to produce 
pure monochromatic light such as that from mercury 198 or krypton 86, having a 
precise, reproducible wavelength. 


23 MONOCHROMATIC RAYS 


A ray of tnonocaromatic light may oc considered as being coinposed of aa infinite 


Ie 
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number of waves of equal wavelength, the value of which determines the colour 
of the light. 

If we now consider the effects of combining two such rays, we may do so by 
considering only two waves, one from each ray. 

They may combine in such a way that the resultant effect is that the maximum 
amount of illumination is obtained. This condition is shown in Fig. 2.2 in which 


AWAS 


Fig. 2.2. Resultant amplitude as of two waves A and B of different ampli- 
tudes aa and as, but in phase. 


two rays, A and B, are in phase at their origin O, and clearly will remain so for any 
distance of propagation. 


If A and B have the amplitudes shown, then the resultant wave R will have an 
amplitude ar =aa + ap. 

In other words, when A and B are of the same wavelength and in phase, they 
combine to increase the amplitude, and therefore the intensity, of the resultant 
R to a maximum. 

If now we consider the effect of changing the phase relationship of A and B 
by the amount ô, as in Fig. 2.3, it can be shown that when aa =a}, ap =2a cos 8/2. 
; That is, the combination of A and B no longer produces maximum illumina- 

ion. 

Further, if we consider the effect of changing the phase relationship of A and 
B, so that they are displaced 180°, or A/2, then a condition as in Fig. 2.4 occurs, 
in which R has an amplitude which is the algebraic sum of aa and as and is 
reduced to a minimum. It is important to note that if aa and ap were equal in 
value, then ar would be zero, as cos (180/2)=0. That is, complete interference 
between two waves of the same wavelength and amplitude produces darkness, 
and no sensation of Hight i; regisicred on the retina of the eye. 

At is the ability to split light from a single source irto two component rays, 
to recombine them, and observe the Way in wrich they recombine, that allows the 
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Fig. 2.3. Resultant amplitude ar of two waves A and B out of phase by an amount ô. 
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Fig. 2.4. Resultant amplitude ar of two waves A and B out of phase by 
half a wavelength (180°). 


wavelength of light to be used for linear measurement. It should be noted that it 
is the linear displacement, 5, between two waves which 1s being measured, and 
that the maximum interference between them occurs when 6=A/2. 

Interference of two rays of light may be demonstrated in the following way. 
Referring to Fig. 2.5, A and B are effectively two point sources of monochromatic 
light having a common origin. S is a screen the plane of which is parallel to the line 
joining A and B. O-O, is perpendicular to the screen, and intersects the line AB 
at its mid-point. 

The rays from A and B, since they have a common origin, and are therefore 
of the same wavelength, will be in phase. 

If we now consider the effect at the point O, on the screen, of the converging 
of the two rays from the point sources A and B, it is clear that since AO, =BO, 
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S 


O, BRIGHT 
O? DARK 
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Fig. 2.5. Formation of alternate light and dark areas 
on a screen, due to waves from sources A and B 
travelling different path lengths. 


the two rays will arrive at O, in phase, and will combine in a manner similar to 
that shown in Fig. 2.2 to give the maximum illumination at O,. 

If we now consider a point such as O, on the screen, the distance AO, is 
clearly less than the distance BO}, and if BO, — AQ, is equal to an odd number 
of half wavelengths, that is (27+ 1) (A/2), where n is an integer, then the waves 
will be 180° out of phase, complete interference will occur and there will be dark- 
ness at this point. 

Again, if we consider a point such as Q,, then if BO, — ~AQg i is equal to an even 
number of half wavelengths, that is 2” (\/2), then the rays are again in phase, and 
no interference occurs at Q,, this point receiving maximum illumination. 

This process could be repeated at points both above and below O, and would 
result in alternate dark and light areas being formed. The dark areas would occur 
wherever the path difference of A and B amounted to an odd number of half 
wavelengths, and the bright where their path difference amounted to an even 
number of half wavelengths. 

It must be emphasized that the phenomena described would occur only if 
the sources A and B were images of a single source. This can be achieved with a 
Fresnel biprism by which light passing through a slit is divided into two identical 
and equally spaced images, the rays from which, emanating from the same source, 
will be in phase at the images. It is the difference in path lengths of the subsequent 
rays which causes interference. 

Summarizing, it is clear that the following two conditions are necessary for 
light interference to occur. 


(a) Light from a single source must be divided into two component rays. 


(b) Before being combined at the eye, the components must travel paths 
whose lengths differ by an odd number of half wavelengths. $ 
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2.4 INTERFEROMETRY APPLIED TO FLATNESS TESTING 


A manufacturing problem frequently encountered in precision engirieering is the 
production of flat surfaces of relatively small area. Such surfaces are normally 
produced by grinding followed by successive lapping operations until a high 
degree of flatness combined with a high surface finish is achieved. Virtually the 
only satisfactory, and certainly the only convenient, method of testing the flatness 
of such surfaces is by the use of light interference, using an optical flat as a refer- 
ence plane. 

An optical flat is a disc of stress-free glass, or quartz. One or both faces of the 
disc are ground, lapped and polished to a degree of flatness not normally en- 
countered on an engineering surface. For engineering purposes, therefore, the 
optical flat may be considered as a reference of flatness, and used as such for 
comparing engineering surfaces. Optical flats vary in size from 25 mm diameter to 
about 300 mm diameter, the thickness being about 50 mm for the largest. In all 
cases, they are relatively rigid and stress-free discs which, used and stored correctly, 
will retain their flatness and therefore effectiveness almost indefinitely. 

If an optical flat is laid (not ‘wrung’) on to a nominally flat reflecting surface, 
it will not form an intimate contact, but will lie at some angle @ as in Fig. 2.6, 
in which @ is greatly exaggerated. A wedge-shaped air cushion may be formed 
between the surfaces. 


EYE EYE 
sy EY \s 


ð 
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Fig. 2.6. Formation of interference fringes on a flat surface viewed 
under an optical flat in a parallel beam of monochromatic light. 


If this arrangement is now placed in the path of a parallel beam of mono- 
chromatic light, we can consider S as tbe source of one wave of the incident bean. 
Ignoring any refractive effects due to the light passing through media, glass, and 
air, of differing densities, it is seen that the wave from S is partially reflected at 
‘a’, and partiaily transmitted across the air gap, to be reflected at ‘hb’, a point on the 
work surface. The two reflected components are collected and recombined by the 
eye, having travelled paths whose lengths differ by an amount abe. 


13 


Light Waves as Standards of Length 


If abc =A/2 where A=wavelength of source, then the conditions for complete 
interference have been satisfied, 1.e. the ray from S has been split into two com- 
ponents, and recombined; also, the path lengths of the components differ by an 
odd number (one) of half wavelengths. 

If the surface is flat, then at right-angles to the plane of the paper it will be 
parallel to the optical flat, and these conditions will be satisfied in a straight line 
across the surface. Thus a straight dark line, or interference fringe, will be seen. 

Further along the surface, and due to angle @, the ray leaving S will similarly 
split into two components whose path lengths differ by an amount def. 

If def=3A/2, the next odd number of half wavelengths, interference will 
again occur and a similar fringe will be seen. 

At an intermediate point, the path difference will be an even number of half 
wavelengths, the two components will be in phase, and a light band will be 
seen at this point. 


Thus, a surface will be crossed by a pat- 
tern of alternate light and dark bands, which 
will be straight, for the case of a flat surface, 
as in Fig. 2.7. A deviation from straightness 
would be a measure of the error in flatness of 
the surface in a plane parallel to the apex of 


Fig. 2.7. Interference fringes on a 
flat surface viewed under an optical the angle 8. 


flat in a paralle) beam of monochro- * Referring again to Fig. 2.6, it is seen 
PAE tere that if @ is small (which it must be), 
À 
ab =bc =4 
3X 
and de=ef e 


The change in separation between the optical dat and the surface is the 
difference between ab and de (or be and ef). 


3A A 2X 

.. de- -ab=-7 173 
Thus the change in separation between the surface and the optical flat is 

equal to one half wavelength between similar points on similar adjacent fringes. 

Note that if @ is increased the fringes are brought closer together, and if 8 is 
reduced, i.e, the surfaces become more nearly parallel, the fringe spacing increases. 
The possible practical variation in @ is very small, since if the surfaces are too 
ciosely together (wrang tog en no air gap exists, and no fringes are observable, 


and if 8 is too large the fri ringes are so closely spaced as to be indistinguishable, 
and an observabie pattern is ay maintained. 
Ta practice, it is wuplixely rmat contact between the optical fat and the work 


surface will occur ut ons son valy as in Fig, 2.6. It is probable phat cantect 
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would be made at a number of points, or along 
one or a number of lines. Fig. 2.8 shows the 
pattern which would be observed if the work 
surface were spherically convex. Contact is 
made at the central high point, resulting in a 
fringe pattern of concentric circles. If, now, 
each adjacent fringe represents a change in 
elevation of the work surface relative to the 


OPTICAL FLAT 
CONVEX 


SURFACE 


optical flat of A/2, then 


; x n = Total change in elevation from point 
of contact to the outermost fringe 
where A=wavelength of light used 
and n==-number of adjacent fringes observed 


It is clear that the pattern observed when the Fig. 2.8. 


To distinguish between these two conditions 


à , ; Fringe pattern produced 
surface is spherically convex will also be ob- on a convex surface. Note that as 


served when the surface is spherically concave. the angle between the surface and the 


optical flat increases the fringes be- 
come narrower and more closely 


if, when the surface is spherically convex, one spaced. 
edge of the optical flat is lightly pressed, it will 
rock on a new high spot and the centre of the fringe pattern will move as shown 
in Fig. 2.9, and the outer fringes move closer together. 

Also, when the surface is spherically concave, the flat rests on a line passing 
around the surface, and if the edge of the optical flat is lightly pressed, the edge 
line does not move as the pressure is varied. Alternatively, light pressure at the 


NEW 
CONTACT SLIGHT PRESSURE 
POSITION 


Fig. 2.9. Method of testing to show 
that a surface is convex. 


centre of the optical flat will cause it to deflect _ 
slightly and become more nearly parallel with 
the concave surface, thus reducing me number 
of fringes observed. 

Commonly, optical flats are jdi in normal 
daylight, the spectrum of which has a wave- 
length of approximately 0-5 um. Thus, each 
fringe interval corresponds to a change in eleva- 
tion of the surface of 0-25 pm. 

Suppose an optical flat to be laid on to a. 
surface, and the resulting fringe pattern is that 
shown in Fig. 2.10. 

Having first determined the point or line of 
contact of the optical flat, which is assumed to _ 
be at AA, it must be remembered that the con- 
tour of each fringe lies on points of equal height 
(in a negative direction) relative to the surface 
of the optical flat. Thus, the fringe pattern, in 
fact, represents a contour map of the surface 
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under test, the spacing of the fringes representing height intervals relative to the 
optical flat of 4/2. In Fig. 2.10, point C is the same distance from the optical flat as 
point B, but 4/2 farther (or nearer) than point D. Therefore the edge at C is 4/2 
higher (or lower) than D. If the fringes curve towards the line of contact at A, the 
surface is convex, the opposite case also applying. 

Practice in the use of optical flats is essential to a true understanding of the 
patterns produced, and at this point it may be appropriate to indicate the points 
to be observed in their use. 


(a) Handle optical flats carefully, and the mini- 
mum amount. 

(b) Ensure that the work surface and the optical 
flat are perfectly clean, by careful wiping 
with a cloth of the ‘Selvyt’ type or with 
chamois leather.. 

(c) Never ‘wring’ an optical flat to a work sur- 
face. It should be laid on, so that the flat is 
not distorted by tending to adapt itself to 


the contour of the work surface, thus pro- Fig. 2.10. Fringe pattern 
ducing a false fringe pattern. formed on a surface whose 
kaelaga? . C.L. is half a wavelength 

(d) Never ‘wring’ two optical flats together. Sep- higher than its sige 


aration may be difficult and cause damage. 


25 INTERFEROMETERS 


Although optical flats can be used in either daylight, or, better, in a diffused 
source of near-monochromatic light, e.g. a light box consisting of a sodium dis- 
charge lamp behind a yellow filter, they suffer the following disadvantages for 
very precise work: 


(a) It is difficult to control the ‘lay’ of the optical flat and thus orientate the 
fringes to the best advantage. 

(b) The fringe pattern is not viewed from directly above and the resulting 
obliquity can cause distortion and errors in viewing. 


These problems are overcome by using optical instruments known as inter- 
ferometers, two of which will be discussed, one for measuring flatness and the 
Other for determining the length of slip and block gauges by direct reference to 
the wavelength of light. 


2.5i The N.P.L. Flatness Interferometer 
This instrument, shown in diagrammatic form in Fig. 2.11, was designed by the 


National Physical Laboratory and-is manufactured commercially by Coventry 
Gauge and Tool Co. Ltd., and Hilger and Watts Ltd. 
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Fig. 2.11. Optical arrangement of interferometer for testing fatness of surfaces. 
(Courtesy of the N.P.L. Crown Copyright) 
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It consists essentially of a mercury-vapour lamp whose radiations are passed 
through a green filter, thus removing all other colours, and leaving a green mono- 
chromatic light whose wavelength is very close to,0-5 pm. This light is focused 
on to a pinhole, giving an intense point source of monochromatic light, which is 
in the focal plane of a collimating lens, and is thus projected as a parallel beam of 
light. This beam is directed on to the gauge to be tested via an optical flat so that 
interference fringes are formed across the face of the gauge, the fringes being 
viewed from directly above by means of a thick glass plate semi-reflector set at 45° 
to the optical axis. 


wow. 


to the best advantage. 
An advantage of this instrument is that it can also be used for testing the 
parallelism between gauge surfaces. Two methods are used: 


(a) For gauges below 25 mm in length. 
(b) For gauges greater than 25 mm in length. 


When shorter gauges are used interference fringes are formed both on the 
gauge surface and the base plate. As the-gauge is wrung on to the base plate its 
underside is parallel with its base plate This means that if the gauge faces are 
parallel the fringes on the base plate shoufd be equally spaced, and parallel wii 
the fringes on the gauge surface. 

If the gauge being tested is mére than 25 mm in length the fringe pattern on 
the base plate is difficult to observe, but the base plate is rotary and its underside 
is lapped truly parallel with its working surface. Thereforetif a non-parallel gauge 
is viewed the angle it makes with the optical flat will be as in Fig. 2.12 (a). If the 
table is turned through 180° the surface is now less parallel with the optical fai, 
Fig. 2.12 (b), and a greater number of fringes is observed. | 

Consider a gauge which exhibits 10 fringes along te Nagth in one positicn 
and 18 fringes in the second position. 

In Fig. 2.12 (a) the distance between the gauge and the optical flat has in- 
creased by a distance ô, over the length of the gauge, and in the second position 
[Fig. 2.12 (5)], by a distance 4,. 

{t has been shown that the distance between the gauge and the optical faz 
changes by /2 between adjacent interference fringes, 


Therefore, 5, =10 “5 


À 
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and 54-218 x3 


The change in the angular relationship is 8, - 8). 
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ROTARY BASE PLAT ROTARY BASE PLATE 
(a) 1ST POSITION (b) TURNED THROUGH 180° 


Fig. 2.12, Testing parallelism on gauges over 25 mm in 
length using flatness interferometer. 


But due to the rotation through 180° there is a doubling effect. Therefore the 


error in parallelism = 2") 
age nn. 
If the wavelength used is 0'5 um, then 
5, = 5, 4 x 0°5 
ge 


Thus the gauge has an error in parallelism of 1-0 micro-metres over its length. 


2.52 The Pitter-N.P.L. Gauge Interferometer 


The mechanical subdivision of end standards of length tends to be laborious, 
especially when the smaller sizes are considered, and it is therefore liable to error. 
In view of this, and the requirements of B.S. 4311, it is no longer used for 
gauges less than 18 in or 50 cm in length, and has been superseded by interfero- 
metric methods of calibration. . 

A well-known interferometer is the Pitter-N.P.L. Direct Measurement 
Interferometer, which is based on a National Physical Laboratory design. Fig. 2.13 
shows a diagrammatic arrangement of the instrument, and the field of view in the 
eyepiece. 

In operation, light from the cadmium lamp is condensed by lens J on to the 
pin-hole plate G, thus providing an intense point source, in the focal plane of the 
collimating lens F. The resulting parallel beam passes to the constant-deviation 
prism E, where its colours, and therefore wavelengths, are split up and any one 
selected as required, by varying the angle of the reflecting faces of the prism rela- 
tive to the reference plane B of the platen. The beam is turned through 90° and 
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Fig. 2.13. Diagram showing the optical system for the 04 in N.P.L. interferometer for measuring slip gauges. 
(Courtesy of the N.P.L. Crown Copyright) 


Metrology for Engineers 


reh — 


directed to the proof-plane C, the lower surface of which is coated with a semi- 
reflecting film of H]uminium, which transmits and reflects equal proportions of 
the incident light. 'Rart of the light is reflected upwards, and part is transmitted 
through the proof*plane to thé upper surface of the slip gauge, and to the reference 
plane of platen B. Light reflected from each of these surfaces passes back through 
the optical system, but its axis is deviated slightly, due to the inclination of the 
proof-plane, so that it is interrupted by prism R to be turned through 90° into the 
eyepiece and the observer’s eye. 

The fringe pattern observed may be as shown. One set of fringes is due to the 
reflecting surface of the platen, and superimposed on this are the fringes due to the 
upper surface of the slip gauge wrung to the platen. Generally, the sets of fringes 
will be displaced as shown, the amount of displacement varying for each colour, 
and therefore wavelength, of light resolved by the constant-deviation prism. The 
displacement observed, a, is expressed as a fraction of the fringe spacing, b, 1.e. 
f=a/b. It is sufficient to estimate this fraction, but to assist in this the cross-wire 
may be moved across the optical path, its image appearing in the eyepiece. An 
estimation of f is made for each of the four radiations from the cadmium lamp, 
red, green, blue, violet, resolved by suitably rotating the constant-deviation prism. 


2.521 Method of Measurement 


It is important to bear in mind that the physical conditions surrounding 
measurements of a nature such as this must be standardized and controlled. The 
standard conditions are as follows: 

20°C temperature; 760 mm Hg barometric pressure; with water vapour at a 
pressure of 7 mm Hg and containing 0:03% by volume of carbon dioxide. If the 
conditions of measurement vary from these, correction factors must be applied. 

Consider the measurement of a3-0 mm slip gauge, using three wavelengths of 
the cadmium radiation. The wavelengths used will be as follows: 


Red 0-643 85037 um_ or, in 1 mm, there are 3106-311 80 half wavelengths 
Green 0-508 58483 um _,, ,, ,, :> - » 3932-48064 ,, R 
Violet 046781743 pm „p, aoo» 427547205 ,, P 


Fig. 2.14 (a) shows the arrangement, diagrammatically, of the reference plane or 
platen, slip gauge, and proof-plane, while Fig. 2.14 (b) shows the fringe relation- 
ship, a/b ==0-65 for the red radiation, as viewed through the eyepiece of the instru- 
ment. For each of the wavelengths employed, in succession, a different fraction a/b 
will be observed. | 

The height G of the gauge will be equal to a whole number of half wavelengths, 
n, plus the fraction a/b of the half wavelength of the radiation in which the fringes 
are observed. 
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Fig. 2.14. Fringe displacement between gauge and base plate in 
N.P.L.-type gauge interferometer. 


ie. G=H-h=n. 


J, 


NI œ» 
Ni w» 


~i A 


We thus have observed fractions a,/b,, aa/ba, a3/b3, for each of the radiations, 
which may be expressed as fi; f2; Ja respectively. 

A series of expressions may now be obtained for the height of the gauge 
above the platen. 


À; A „À 
G=s( th); G=5 M+S); G= +h) 


But the values of fis Jẹ etc., are the observed fractions a/b and not necessarily 
the values which wouid be obtained by calculation using the nominal height of the 
gauge and the values of à for the three radiations. 

We therefore have, for the nominal size: 


Gy = ON, + Fy) 


A an 
Gy =F (N: +F) 


G SIN, + Fy) 
i 
Where Gy = nominal gauge height 
N= cumber of whole half wavelengths in Gy 
Fs fractional displacement of fringes for any given radiation and due to 
beight Gy in which Nand F are found by dividing the half wavelength 
472 into the uominal height of the gauge Gy 
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By combining the two sets of equations, we obtain the general expression: 


G- Gy =M(n-N) +(f-F) 


Assume that the observed fractions, f, are fi =0:23; f,=0-33, and f,=0-71, 
and that the calculated values of F are F, =0:94; F,=0-44; F,=0-52 for the three 
radiations red, green, and violet respectively. 

Inserting this information in the above equations we have: 

G-Gy= ai [(n, — Ny) + (0-23 - 0-94)] m 


_ 9: a 


[(n, — Na) + (0-33 -0-44)] pm 


_9 4 


[(s - N3) + (0:71 -0-52)] ym 


068 [Cn - Ni) +(0-29)] um Note: (1 -0-71) =0-29 
= = [Cs - Na) +(0-89)] um Note: (1 - 0:11) =0-89 


= s [(13 — N3) + (0:19)] in 


The values (n, — a (n, — N) and (n, - N,) are unknown but it is known that 
they are (a) whole numbers and (b) relatively small numbers. 
They can be found by trial and error, and it is found that if 


(n, - Ny) =2 

(n,—N,)=2 

(n, —N3)=3 
a closely similar result for all three equations is found. However, this is laborious 
anda better method is to set the information out in tabular form as follows: 


EEE | RS A TEE TS a ES ETA | SN SS TEED 


Wave- error in 


length(A) | Observed | No. of 4/2 in | Calculated Gauge 
um |Fractions Y) 30mm |Fractions(F)|Col. 2-Col. 4| Coincide| Length 


R=0-643| 0-23 | 9318-9354 0:94 


G= G=0508| 033 0-33 |11 796-441 92| 044 0-44 


| v=0 v=o4sr| on 0-71 [12825:5165 | 082 | 0:52 
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The values shown in columns 6 and 7 are obtained by the method of scale coincid- 
ence. This offers the simplest method of obtaining the whole numbers of half 
wavelengths and fractions of half wavelengths which are contained in the error 
in the gauge. A slide rule may therefore be used (Fig. 2.15) in which the wave- 


3 2 i T 0 +1 +2 +3 
RED 0.204 0608 | 02040608 | 02040608 | 02 04,0608 | 02040608 | 07040608 | Al _ 0-643 pm 
2 2 
4 3 2, T +] +2 "3 +4 
GREEN | j | 4 2 2-508 um 
4 3 2 T + +2 3148 
VIOLET A3 0467 
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' PROBLEM WITH. CVE ERROR WITH +VE ERROR 


Fig. 2.15. Layout of scales of half wavelength on slide rule for use with N.P.L. 
gauge interferometer. 


lengths of red, green, and violet are set out to scale, from a common zero. The 
values obtained in column 5 of the table are found to have a close degree of 
coincidence at the values shown in column 6. The lower scale of the slide rule has 
graduations corresponding to micro-metres and a line passing through the values 
2:29, 2:89 and 3-19 on the wavelength scales cuts the linear scale at 0-74 um, the 
error in the height of the gauge. 

It is found in practice that the values of f cannot be read to an accuracy 
greater than about 0-05 of a fringe spacing. This accounts for the small discrepan- 
cies in the fractional parts of the values shown in column 6, compared with the 
fractions shown in column 5. Since the linear error resulting from an observa- 
tional error of this order will always be much less than 0-02 pm, it can be tolerated. 

It should be noted that the half wavelength units on the negative side of the 
Scales are 7 not - n, i.e. the whole numbers are negative but the fractions are still 
positive. Thus considering the cursor line shown to the left of zero, the displace- 
ments are respectively: 


Red 2-48=(-2+0-48) = -1:52 half wavelengths 
Green 2-09 =(-2+0-09)=-1-91 _,, R 
Violet 3-92 =( -3+0-92)= -2-08 ,, 


3? 


Thus the gauge error is equal to those values multiplied by the respective half 
wavelengths. 
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0-643 
2 


~1-52x um = — 0-488 um 


.. Error=<{ —1-91 x 


Zam = — 0-485 um 


0:467 
2 
Mean error = — 0-486 um 


Note that the scale cannot be read to three decimal places. In the authors’ 
opinion it should be used for establishing the position of coincidence and an 
approximate solution. The actual errors should be calculated, as shown above, 
for each wavelength, and then the mean value found. 

The important fact about this method of measurement is that the gauge 
length is established without reference to any physical standard, and only in terms 
of the wavelengths of the various monochromatic radiations employed. 

A recent development has been the automatic calibration of gauge blocks 
using a computer-controlled laser interferometer. This is discussed in Chapter 11, 
Section 11.34. 


-2-08 x 


um = — 0-486 um 


2.6 THE LASER IN ENGINEERING METROLOGY 


The laser was developed in the late 1950s. Interestingly, whereas the invention of 
the steam engine led to the development of the science and theory of 
thermodynamics, the laser was proposed in theory before the techniques were 
available to make it. Since then lasers have been developed to great powers and 
are used for operations ranging from those requiring very high power such as 
metal cutting, welding, bomb-aiming and weapons to those for very delicate 
surgical work such as stitching back detached retinas in the eye and operating on 
stomach ulcers. These applications have often been romanticized and have led to 
an aura of mystique surrounding the laser which, for the purposes considered 
here, needs to be dispelled. 

For measuring purposes laser light has similar properties to ‘normal’ light in 
that it can be represented as a sine wave whose wavelength is the same for the 
same colours and whose amplitude is a measure of the intensity or brightness of 
the laser light. It has all the properties of normal light and can be used in 
interferometry (see Chapter 11) and for other methods of measurement. 

The light produced by lasers does have certain additional properties not 
possessed by light radiated from more conventional sources: 


(a) Laser light is mono-chromatic. The green light in the spectrum of 
cadmium is said to have a wavelength of 0-5086 um. In fact that is the 
average of a range or bandwidth of wavelengths close to that value. In 
the case of laser light the bandwidth is much reduced and recently, 
stabilized lasers of still narrower bandwidths have by. «i developed which 
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can be used for interferometric measurement of slip gauges (see Chapter 
11). 

(b) Laser light is coherent. In a beam of normal light the infinitely large 
number of rays making up the beam are randomly phased relative to 
each other. This tends to make the light relatively ‘inefficient’ since there 
is partial interference within the beam. In the case of a laser the rays are 
all in phase. If represented by a series of sine waves the peaks and valleys 
would all be in line. 


(c) Laser light is naturally collimated. The beam of light emerging from a 
laser is almost perfectly parallel with little divergence and scatter. To 
produce a well collimated beam from any other source requires an 
optical system and the loss due to divergence and scatter is still greater 
than that from a laser. 


These factors combine to produce a beam of small diameter and extremely 
bright light containing a great intensity of energy which, even with a small, low 
powered laser, can damage vision badly. Great care must be taken not to look 
directly into a laser beam, and the reflections from it must be carefully controlled. 
Rooms in which a laser is operating should have clear notices on the door and only 
authorized and/or properly supervised people should be allowed in. 

The applications of lasers to two problems in engineering metrology will now 
be considered. 


2.61 The Measurement of Small Diameters 


If a small diameter wire or filament is measured by contact methods the distortion 
caused by the measuring loads will be such that the accuracy of determination is 
too poor to be of use, or complex calculations are needed to correct the 
measurement. In the case of measuring very small holes, the problem arises 
simply of how to do it. Air gauging can be used but calibration of the equipment 
can be a problem. 

Consider a small diameter wire or filament placed in the path of a laser beam 
at a distance L from a screen. The beam will be diffracted as it passes over the 
boundaries of the filament, as shown in Fig. 2.16. At points A and B, because of 
the coherence of the rays in the beam, all of the rays will be in phase and therefore 
the rays AE and BE will be in phase at the screen. 

At some point O, the ray AO, will have travelled a distance of one half 
wavelength (A/2) less than BO,, the rays will be out of phase and interference will 
occur, producing a dark minimum on the screen. At point O, the path length 
difference will be two half wavelengths, giving a bright maximum and so on up the 
Screen. The same effect will occur on the other side of the centre line and there 
wili appear on the sereen a series of dark and bright beads. This is clearly shown in 
ine photosruph. Gia 2.17, which is a laser diffraction pattern produced by passing 
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Fig. 2.16. Diffraction effect produced by a laser beam passing over a thin wire. 


the light from a low powered helium—neon laser over a hair plucked from the head 
of a co-operative young lady who happened to be passing. 

In Fig. 2.18 let C be the position of the first dark minimum, a distance x, from 
B. Interference occurs at C because the path length difference between PC and 
RC is one half wavelength (1/2). From the diagram it is seen that as long as the 
diffraction angle a is small this path length difference is arc length OR. 

The angle subtended at the centre of the filament A is 2a and it follows that 


2u radians = QR/r in which QR = 4/2 
= N2r where r = radius of filament 
= Nd and d = diameter 
therefore a = A/2d radians 
But in triangle ABC 


a = x,/L radians for small angles of a 
therefore x/L = N2d 
and x, =AL/2d 


Similarly, at the next dark minimum, the path length difference will be three half 
wavelengths (3)/2) and the distance from B at which this interference occurs will 
be designated x,. 

Then 


X, = 3AL/2d 


Fig. 2.17. Laser diffraction pattern produced by passing the beam from a helium/neon laser 
across a human hair on to a screen. 
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The distance between dark minima in the diffraction pattern is, therefore, 


(x, — xı) = 3AL/2d -- XLI2d 
= 2XL/2d 
(x, — x,) = AL/d 


P - a 
a —r! \7 ee 
m a ee — A = -æ = 
a 
2a — i \\ 
A Q 


Fig. 2.18. Geometry of laser diffraction over a thin wire. 


Using the same argument it can be seen that for each adjacent pair of dark 
minima, if the distance between them is 5x then it follows that the average value of 
Ôx is given by 


bx = ALSa 
and d = AL/&x 
in which d = diameter of filament 
à = wavelength of laser 
&<c = mean distance between dark minima on screen. — 


Note that in fact the diffraction pattern close to the centre is obscured by the 
brightness of the intensity of the light from the laser, hence the use of the mean 
distance between the visible dark minima, rather than working out from the 
centre. 

A similar technique can be used to determine the diameter of very small 
holes, and students might like to consider what the diffraction pattern would look 
like if a laser beam was used in this way on a plate with a small hole in it. 


2.62 The Measurement of Larze Displacements 
The interferometric measurements used for calibrating gauge blocks, discussed in 


the earlier part of tins chapter, were limited to the measurement of gauges up to 
(30 mm in length. Lasers could noi be used for tis purpose until recentiy because 
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their frequencies were not stable enough, but now stabilized lasers used in 
conjunction with computers have been developed for the direct measurement of 
slip gauges. This development is discussed in Chapter 11. 

Laser interferometers are available for the measurement of large 
displacements of machine slideways; Hewlett-Packard manufacture a 
commercially available version. Owing to the coherence, natural collimation and 
intensity of the laser beam, such measurements can be carried out over a range of 
many metres. 

The instrument is shown in diagrammatic form in Fig. 2.19. It consists of a 
fixed unit containing the laser, a pair of semi-reflectors and two photo-diodes 
arranged as shown in the diagram. 

On the unit whose displacement is to be measured is mounted a corner cube. 
In the diagram this is shown as a vee-block but in practice the corner cube is a glass 
disc whose back surface has three polished faces mutually at right angles to each 
other. Regardless of the angle at which light enters such a unit it is always turned 
through 180°. 

Light from the laser strikes the first semi-reflector at A and is partially 
reflected to the second semi-reflector at B, the remainder being transmitted to the 
corner cube at C. This light is turned through 180° by the corner cube and is 
recombined with the light reflected from A to B. If the path length differ- 
ence, (ACDB -AB), between these two components is an odd number of half 
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8. 2.19. Block diagram of laser interteromicies for measuring displaccmenis over long 
distances. 


{a5 
Qi 


Metrology for Engineers 


wavelengths, interference will occur at B and the diode Output will be at a 
minimum. 

If the path length difference is an even number of half wavelengths then the 
unit will give maximum brightness and the diode output will be at a maximum. 

It follows that each time the moving unit is displaced by '2(A/2) the path 
length difference changes by 1/2, legs AC and BD both being affected by the 
displacement. A sinusoidal voltage signal is generated by the photodiode which is 
amplified and caused to operate a high-speed counter whose display is modified to 
give the displacement in micro-metres. As described, the count would only be uni- 
directional but by including a second diode at position 2, as shown, it can be 
arranged that the outputs from the two diodes are out of phase by one quarter 
wavelength. This enables the unit to be switched to give bi-directional 
measurement and the position of the moving member can be determined relative 
to a pre-set datum, regardless of how many reversals of movement have taken 
place. 

Laser interferometers can be used to calibrate the movement of machine 
tables, such as co-ordinate measuring machines and for the calibration of length 
bars. The bar is placed on a moving carriage and the position of its end fixed by a 
measuring microscope. The interferometer reading is zeroed and the carriage 
moved until the position of the other end is fixed by the microscope. The 
interferometer reading then gives the length of the length bar. 

A major advantage of the laser interferometer is that it is portable. 
Diffraction gratings are built into the machine as its measuring system but a laser 
interferometer can be brought to the machine, used to calibrate its measuring 
system and then removed to be used in another situation. 

Although the laser can be considered in the same way as any other source of 
light for the purpose of calcuiations, it is its unique properties of coherence, 
natural collimation and narrow bandwidth of wavelengths which make the 
applications described in this section possible. 
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CHAPTER 3 


Linear Measurement 


3.1 GENERAL 


We have been concerned in previous chapters with the methods by which engineer- 
ing standards of length are established, and why such standards are necessary. 
This field is outside the normal scope of engineering metrology, and is more 
properly within the province of the physicist. 

Such work, however, is the necessary basis of the linear measurement carried 
out by the engineer, since almost invariably this takes the form of comparing the 
size of a workpiece or other part with the known size of an end gauge, i.e. com- 
parative measurement. 

To carry out such measurements successfully, that is, to the order of accuracy 
required, often calls for ingenuity in the use of relatively simple equipment. It 
always requires the application of certain simple principles, together with patience, 
a systematic approach to a measurement problem, and the use of techniques only 
acquired by practice. These points are perhaps best illustrated by the apparently 
simple task of establishing the size of a plain gap gauge. There can be no substitute 
for experience in carrying out such a measurement. 


32 SLIP AND BLOCK GAUGES 


These are the engineer’s practical, working, standards of length, and are remark- 
able for several reasons. 

The following table is extracted from B.S. 4311, and specifies the accuracy of 
dimensions, flatness and parallelism of slip gauges. 

The table does not, however, reveal the complete characteristics of slip gauges. 
In addition, they have a very high degree of dimensional stability, and possess the 
ability to be ‘wrung’ together. Dimensional stability is brought about by the 
careful selection of the steel from which they are made, and the stabilizing heat- 
treatment process the gauges undergo after hardening. The property of ‘wringing’ 
is due to the flatness and finish of the defining surfaces being such that when two 
gauges are brought into intimate contact, not only is the air film between them 
virtually removed, but molecular attraction occurs between the surfaces. The latter 
may be shown by the fact that when two ‘wrung’ gauges are left for a period of time, 
the difficulty of separation may be considerable. In fact it is advisable not to leave 
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gauges in the wrung condition for longer than necessary, otherwise damage to the 
surfaces may result. 

It will be noted that slip gauges are available in five grades of accuracy. 
For all workshop purposes, and for a wide range of inspection work, grade II is of 
sufficient accuracy. Grade I is appropriate to the checking and setting of gauges, 
and the standardizing of comparators. Grade O is suitable for the highest quality 
of work involving the verification of size of workshop and inspection limit gauges, 
while grade 00 should only be referred to on those occasions when the accuracy 
of the other gauges is in dispute, or requires verification. They exist in the back- 
ground, as it were, of an inspection system as the ultimate practical standard. 
This extract from B.S. 4311: 1968 Metric Gauge Blocks is reproduced by per- 
mission of the British Standards Institution, 2 Park St., London WIA 2BS, from 
whom copies of the complete standard may be obtained. 


Table 1. Tolerances on Flatness, Parallelism and Length of Gauge Blocks 
As altered Feb., 1969 


nn rr ne SE SE e 


Tolerances. Unit =0-01 micrometer (0:000 01 mm) 


| 
Size off |——————————.- cc —_- 
gauge block | Calibration Grades and Grade 0 Grade I Grade II 
Grade 00 i 
| e | tot ~ 
Up to a | y | | 
and Calibra- 1 | | i | | 
inclu- tion | Grade | i | 
Over| ding | F | P | Grade | 00 | F | sas ae ee i ae ee fe oe | L 
it lie esau een! So ED ener) ome ei vette! OPN. Perak 
mm} mm | | | | 
— | 20 | 5] 5| +25 | +5{ 10] 10} £10] 15] 20} +20] 25] 35) +50 
~15 -25 
20} 60 | 5| 8| +25 +8 | 10 10 | 2.15 | 15 4) +30 | 25; 35} +80 
| | |! | ~20 - 50 
60 | 80 | S| 10] +50 | £12! 10] 15] +20 | 15 | 25 | +50 | 25 | 35 : +120 
! -- 25 -75 
| 80; 100 | 5 d +50 | +15|10|15] +25 115 | 25 | +60 | 25 | 35 | +140 | 
| | | l i | | ~ 30 | | > 100 
ESE eRe Sees OER, SE OE IES ES AEE EPR ee ORNS OR ene ee 


L= gauge length, F= flatness, P =paralieiisin 


The practical value of all grades of slip gauges is mich enhanced by a table 
of errors derived by the calibration of each individual gauge. Usually, the calibra- 
tion is carried out by the gauge makers, or by au authority such as the National 
Physical Laboratory, using interferometric methods as deait with in Chapter 2. 

Itis clear from such calibration that, although the smallest nominal difference 
between the sizes of two gauges is 0-025 mwm, it may in fact be possible to 
arrange differences appreciably snuailer than this, by noting the amount and direc- 
tion of error of individual gauges. 
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Where the quality of work demands it, the calibrated values of slip gauges 
should always be used. Normally ‘protection slips’ of 1:0 mm, and made of tungsten 
carbide, are provided with each set. These should be used on the outside of any 
combination to prevent undue wear of the actual gauges. 


3.3 LENGTH BARS 


The full specification of length bars is given in B.S. 1790, and provides for four 
grades of accuracy; workshop, inspection, calibration and reference. 

Their purpose is similar to that of slip gauges, but for larger sizes of work. 
They are therefore less commonly found in the average engineering works, or 
inspection department. The end faces of the individual bars are lapped to a 
‘wringing’ finish but, due to their weight and general proportions, this property 
cannot be relied upon to satisfactorily hold them in combination. 

The bars, except those of 25 mm in length, are therefore threaded internally at 
each end, to allow their end faces to be brought into secure contact by a free- 
fitting screwed stud. Normally, any combination of the bars will have the 25 mm 
bars at each end to provide flat defining surfaces for the total length. 

Length bars are best used in the vertical plane but when used horizontally 
they should be supported at two points equidistant from each end, the distance 
between the support points being 0:577 x length of bars in the combination. The 
end faces are then brought mutually parallel, the axis of the combined bars being 
horizontal outside the support points. It will be noted that this is the same con- 
dition of support as shown in Fig. 1.2 (a). 

It cannot be too strongly emphasized that the accuracy of slip gauges and 
length bars (the latter where large dimension work is involved), should form the 
foundation upon which an engineering company builds the accuracy of its pro- 
ducts, and the interchangeability of component parts. 

This requires the regular verification of the accuracy of gauges. It is not 
necessary for a company to possess a length interferometer with which to verify 
a reference grade set of gauges. This work is undertaken by the National Physical 
Laboratory as a service to industry. For example, at intervals of perhaps two 
years a grade 00 set of slips may be sent for verification, and a Certificate of 
Examination obtained. This will show the length errors in the individual gauges, 
and whether they lie within permitted tolerances of fatness and parallelism. 
With these gauges as reference standards, and used in conjunction with a high 
magnification comparator of suitable repeatability of reading, secondary sets of 
gauges may be calibrated for use in the inspection department. From these, 
workshop standards may be verified by a similar method. 

_ There is thus estabiished a direct relationship between the accuracy of work- 
pieces and the ultimate standards of length. It is the oaly rational basis for inter- 
changeable manufacture, and is set out in chert form in Fig. 3.1. 

It ts, of course, necessary to carry out the verification oë gauges under suitable 
Physical conditions. The reference gauges should be vermansntly housed in a 
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standards room, located in a quiet area, and not subject to vibration from outside 
sources. Temperature control to plus or minus 1°C is desirable, and may be 
associated with humidity control. Dust control, through the filtering of air entering 
the room, is a further precaution against the deterioration of equipment. 

All comparators should be permanently mounted on rigid supports, and in a 
level position. Given these conditions, and a technique of careful measurement, it 
is possible to determine the accuracy of gauges to a fraction of a micro-metre. 
The appropriate technique is dealt with in association with the design and opera- 
tion of the comparators suitable for this class of measurement. 


Primary standard of length (metre) 
(Established by interferometry) 


Secondary standards 
(Verified by interferometry) 


Grade 00 or Calibration grade slip gauges 
(Verified by interferometry) 


Grades 0 or I slip gauges 
(Verified by high magn. comparator) 


Grade II slip gauges 
(Verified by high magn. comparator) 
| 


Workpiece 
(Verified by suitable gauging method) 


Fig. 3.1. 


3.4 DESIGN AND OPERATION OF LINEAR MEASUREMENT 
INSTRUMENTS 


Measuring instruments and machines incorporate, in their important features, 
principles which are based on kinematics. l 

Kinematics may be defined as a study of the relative motions of parts, in 
isolation from the forces which produce the motions. 

It will be seen that, in general, the motions which must be considered in the 
design of measuring machines are those of straight line and rotary motion. At 
times, it may also be necessary to eliminate al) such motions between parts, again 
through the application of kinematic principles. 

Design experience over many years has shown that kinematic principles must 
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be closely followed, in order that machines and instruments should possess the 
following characteristics. 


(a) A high degree of sensitivity. 

(b) A high degree of accuracy. 

(c) Freedom from variance. 

(d) Minimum inertia in the moving parts of the indicating mechanism. 


3.41 The Principle of Alignment 


In addition to these points, which may be provided for by kinematics, a further 
important principle must be observed. This is the Principle of Alignment, which 
may be stated as: The line of measurement, and the line of the dimension being 
measured, should be coincident. This principle is so fundamental to good design 
that it is rarely departed from to any serious extent. 

A simple example, and one of common experience, is found in the design of 
an external micrometer. In Fig. 3.2 it is clear that the principle is completely 
satisfied. This applies equally to an internal micrometer. 


A LINE OF MEASUREMENT 
AND OF DIMENSION A 


Fig. 3.2. A hand micrometer conforming to the principle of alignment. 


If, however, we consider a vernier calliper, it is also clear, Fig. 3.3, that the 
principle is not observed. It may also be shown, that as the displacement Y 
increases, the greater will be the probability of a discrepancy arising between 
dimension A and the reading B. 


LINE OF MEASUREMENT 


Fig. 3.3. A vernier calliper does not conform to the principle 
of alignment. 
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It should be remembered that the curvature of the vernier beam may be 
brought about by the measuring pressure between the jaw faces. When one con- 
siders the extent to which this may vary from person to person (in the absence of 
any device to standardize it) it is seen that this accounts for the difficulty in estab- 
lishing the dimension A with the same degree of confidence as with a micrometer. 

Other examples dealing with the application of this principle will be exam- 
ined later in the chapter. 

We refer now to the other important functional characteristics which measur- 
ing machines and instruments should possess. 


3.42, ~ Sensitivity 


This may be defined as the rate of displacement of the indicating device of an 
instrument, with respect to the measured quantity. 

If we now consider sensitivity over the full range of instrument readings, and 
a graph is plotted of indicated readings with respect to measured Guantities 2s in 
Fig. 3.4, the sensitivity at any value of y=dy/dx where dx and dy are increments 
of x and y, taken over two consecutive readings. If continuous readings of y are 
taken over the full instrument scale, the sensitivity is the slope of the curve at any 
value of y. 


“< 


INSTRUMENT READING 


MEASURED QUANTITY x 


Fig. 3.4. Sensitivity of a measuring instrument. 


It will be noted that this treatment of instrument sensitivity enlarges on the 
frequently accepted idea that it may be completely defined and determined by 
reference to the least change in the measured quantity which will cause an observ- 
able change in the instrument reading. Such a definition has no regard for the 
fact that sensitivity may not be uniform over the total displacement of the indicat- 
ing device, such as a pointer. 
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3.43 Accuracy 


This may be defined as the amount of correction which must be made to the 
instrument readings in respect of the values of the quantities being measured. 

In practice, careful calibration of instrument scales will overcome this 
difficulty at the time of instrument assembly and testing but, in use, deterioration 
of the operating mechanism may set in, which will require recalibration of the 
instrement, to restore its accuracy. An analogy to this is the calibration of slip 
gauges to determine their actual size in relation to their nominal size. 


3.44 Variance 


This may be defined as the range of variation in instrument reading which may 
be obtained from repeated measurements of a given quantity. 

Variance is inherent in many types of instruments, the extent to which it is 
present depending upon such factors as the quality of manufacture or the suit- 
ability of the operating principle for the type of measurement to be undertaken. 

A simple and common example of variance is the operating characteristics 
of a dial test indicator. 

A test to determine variance in such an instrument takes the form of a series 
of observations of indicated values in relation to the known values of slip gauges. 
The dial test indicator is rigidly mounted above a suitable reference surface, such 
as a lapped plate. A series of slip gauges is then selected, the series increasing in 
size in increments of say 1 mm and extending to embrace the full range of 
plunger movement. If then each slip gauge in turn is passed carefully across the 
Teference surface and under the measuring plunger, a series of corresponding 
scale readings will be obtained, and recorded. Let us assume that these readings 
aro. taken with the plunger moving vertically upwards. The readings are then 
Tepeated, but in the reverse direction, and again recorded. If the readings are now 
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rig. 3.5. Variance in a dial test indicator, 
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plotted as in Fig. 3.5, it may be found that the plotted points lie on two curves 
which form a loop, the boundaries of which represent the maximum variation of 
readings for a given value within the series of values of the slip gauges used. A 
pair of such curves forms a hysteresis loop, and is a characteristic of the instrument 
under test. 

Fig. 3.5 shows that, in general, dial test indicators are not suitable for the 
measurement of height or length differences of a magnitude approaching the full 
range of indication. They are suitable for the measurement of small displacements, 
and in one direction only. 


3.45 Inertia of Moving Parts 


All instruments which depend wholly or in part on a linkage or other mechanical 
system, or on the displacement of a fluid, for their operation, are subject to the 
disadvantage of inertia. Only those instruments dependent soijely on the applica- 
tion of optical principles are entirely free of inertia effects. 

Inertia produces a condition referred to as passivity, or sluggishness. It may 
be determined for any given instrument by noting the smallest change in the 
measured quantity which produces any change in the instrument reading. 

If we consider a diaphragm type of instrument in which the elastic movement 
of the diaphragm under fluid pressure is translated as, say a pointer movement 
relative to a scale, the instrument will be free of passivity only if the diaphragm 
is perfectly elastic under all variations of the fluid pressure to be measured. 

The same characteristic applies to an instrument depending on a mechanical 
movement for the operation of a pointer. In this case, the imperfect elasticity of 
springs may be the source. 

From the foregoing brief treatment of the sources of instrument errors, it will 
be appreciated that in the testing of instruments it may be difficult to separate a 
particular defect from others. For example, passivity is closely associated with 
sensitivity: passivity may only show itself as a change in the sensitivity of an 
instrument at a particular point in its scale reading. 

It must be borne in mind that measuring machines, in addition to instruments, 
also possess the foregoing characteristics, and that in each case they may be 
reduced to acceptable limits by the application of kinematic principles. In fact, 
it may be said that only by strict observance of them can the functional require- 
ments of a design be satisfied. 


3.5 PRINCIPLES OF KINEMATICS 


The most important theorem of kinematics states: A rigid body in space has six 
degrees oj freedom. 
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To explain this, consider a body 
in space, Fig. 3.6. It has freedom of x 
translatory motion along any one of 
the mutually perpendicular axes X, 
Y, and Z, and may also rotate about 
any one of these, thus making a total 
of six degrees of freedom. To com- 
pletely fix the body in space therefore, 
six constraints must be applied; one Y 
constraint for each degree of free- 
dom. 

Commonly, in measuring instru- 
ments and machines, it is necessary Z 
to allow one degree of freedom of a 
member, which requires five con- Fig. 3.6. Six degrees of freedom. If 
straints, or to completely constrain a a body is free to move in space, it 


f ea ee may have one of, or a combination of 
member, it thus constituting a fixture. any number of the motions shown. 


3.51 Complete Constraint 


As an example of the latter case, consider the mounting of a surface plate on a 
stand. The mounting must be carried out in such a manner that the following 
conditions are satisfied: 


(a) The plate is completely constrained without the application of external 
forces. 


(5) The plate must be free to expand and contract with changes of ambient 
temperature. 


(c) The plate must be adequately supported to prevent its distortion. 


(d) It must not be possible to accidentally dislodge the plate from its set 
position. 


A further optional requirement may be that the mounting should make 
provision for the plate to be set in a true horizontal plane. 

All of these conditions may be satisfied in the following way: 

The underside of the plate is fitted with ball feet, spaced so that the centre of 
gravity of the plate is contained within the triangle formed by lines joining the 
centres of the balls,(Fig. 3.7). 

The upper surface of the stand is then fitted with three steel blocks: one 
Containing a conical hole; another a vee groove; the third remaining as a flat 
Surface. The arrangement of these is as shown in Fig. 3.8. 

If now the ball feet are rested on to the hole, the vee groove and the plane, 
and we consider the plate as the body to be constrained, the conical hole will 
Prevent all Jateral movement along the X, Y, and Z axes. Rotation about the 
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vertical Z axis, and one of the horizontal X or Y axes, is constrained by the 
vee, rotation about the remaining horizontal axis being restrained by the flat 
support. It should be noted that no clamping forces are applied, other than that 


of gravity. 


' CONICAL 
HOLE 


VEE GROOVE 


tl 


1 . | 1 
Fig. 3.7. Underside of surface Fig. 3.8. Plan view of kinematic 
plate. mounting for surface plate. 


Thus, the plate is completely. constrained, and at the same time the other 
three conditions specified for its mounting are satisfied. It will further be noted, 
that the location of the plate is precise. As an additional refinement, if the three 
ball feet are carried on adjusting screws, their relative heights may be set so that 
the plate is brought to a true horizontal plane. 


3.52 One Degree of Freedom 


If we now consider the requirements for one degree of freedom, e.g. linear motion 
along the Y axis, if we substitute a second vee groove for the conical hole, we have 
a condition as in Fig. 3.9, the body being free to move only along the axis shown, 
provided its centre of gravity is contained within the triangle formed by lines con- 
necting the centres of the ball feet. 

A simple extension of this arrangement results in a slideway, by making the 
vee grooves continuous, as in Fig. 3.10. 

For a slideway to be properly supported, and to reduce friction, a series of 
rolling balls are substituted for the ball feet, the distribution of which along the 
slide is ensured by pegs at suitable intervals. This type of slideway, or variants of 
it, is commonly found in measuring machines. The design of these will be dealt 
with under the applications of the particular machines. It is sufficient here to 
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emphasize that only by the application of kinematic principles can the design of 
an instrument or machine be such that its accuracy in operation does not rest 
entirely on its accuracy of manufacture, although it must be realized that for the 
moving member of a vee-flat ball slide to have true linear motion the following 
conditions must be realized during manufacture: 


(a) The vee must be straight in the horizontal and vertical planes. 
(b) The flat must be straight in the horizontal plane. 
(c) The vee and the flat must lie in parallel horizontal planes. 


LINE OF 
MOVEMENT 


Fig. 3.9, Kinematic constraints for linear motion. 


Not only do kinematic principles allow simplicity of manufacture, but they 
provide for adjustment at instrument assembly and testing stage, so that com- 
pletely satisfactory operating characteristics may be achieved. 


Fig. 3.10. Vee-flat ball stide. 


36 COMPARISON OF GAUGE BLOCKS 


Mention has been made (section 3.3) of the technique suitable for the comparative 
Measurement of slip gauges. It is of such fundamental importance that it is worth 
Setting ont in some detail. Although stated here as a procedure, it is clearly also a 
case where practical experience counts for much. The student, ia particular, will 
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profit considerably from carrying out an experiment in the calibration of slip 
gauges, involving the use of a high magnification, sensitive comparator. 


Example, The calibration of a selection of grade II slip gauges, by com- 
parison with grade 0 slip gauges. 


Apparatus. A selection of grade 0 slip gauges. Grade II slip gauges to be 
calibrated. High magnification comparator (x10 000) directly calibrated in 
units of 0:10 um. 


Method. It is assumed that the comparator and the gauges are housed in, 
or have been in, a standards room or metrology laboratory for sufficient time, so 
that equality of temperature at approximately 20°C exists between them. 

The gauges are then wiped clean with chamois leather, after degreasing with 
a suitable spirit, say carbon tetrachloride. They are then set out into two groups, 
at a convenient point adjacent to the comparator. 

The comparator platen or table is similarly degreased and cleaned. 

A grade 0 slip gauge is then lightly ‘wrung’ to the platen and the 
comparator measuring head is lowered and adjusted to read the known error of 
the reference slip. 

At this stage, the setting should be allowed to stabilize, principally to take 
account of possible variation in temperature of the gauge and its surroundings. 

If necessary, readjust the instrument reading to the known error in the 
reference slip gauge. 

Carefully remove the grade 0 slip, and substitute a grade II slip for 
the same nominal size. Using the same technique as before, note the error from 
the setting zero, and record it. 

A precaution at this stage is to recheck the instrument datum, by taking a 
second reading on the reference slip. This is a check on possible changes in the 
measuring conditions, principally that of temperature. 

Each grade II slip gauge may be similarly treated, and the results tabulated 
as below: 


Calibration Chart of Grade II Slip Gauges 


Standards: Grade 0 Set of Slip Gauges 
(Unit =1 pm) 


Nominal Known error Reading on Error in | 
Size (mm) of Grade 0 Gauge Grade II Gauge Grade II Gauge 
l +0-1 +0-4 +0:4 
2 0 +0-8 +0°8 
3 +0-2 +0-5 +()-5 
4 -0'1 +0:6 +0-6 
5 +0] -0:5 -0:5 
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'The accuracy of determination by such a method should be of the order of 
+0:05 um, but obviously it will vary with, and be dependent upon, the accuracy 
of the comparator, and the observer. 


337 DESIGN OF COMPARATORS 


Dimensional comparators are the principal instruments used in linear measure- 
ment, and as such their design has received much attention. Many principles 
have been used to obtain suitable degrees of magnification of the indicating device 
relative to the change in the dimension being measured. The main principles used 
are as follows: 


(a) Mechanical. g 

(b) Mechanical-optical. 
(c) Pneumatic. 

(d) Electrical. 

(e) Fluid displacement. 


3.71 High-magnification Gauge Comparators 


Additionally, comparators of particularly high sensitivity and magnification, and 
suitable for use in standards rooms, rather than inspection departments, have 
been designed, and brought into wide use for the calibration of gauges. These are: 


(a) The Brookes Level Comparator. 
(b) The Eden-Rolt ‘Millionth’ Comparator. 


The design of each originated at the National Physical Laboratory, and was the 
work of men to whom much is owed in the field of fine measurement.* 

Each of these instruments is now produced commercially, but the simplicity 
and soundness of their design is such that no book dealing with metrology can 
overlook them. 


3.711 Brookes Level Comparator r 


The principle on which this operates is that of the displacement of the bubble 
of a sensitive level-tube, and is applied in the manner shown diagrammatically in 
Fig. 3.11 (a) and (b). 

The important design features are the sensitive level-tube, and its mounting 
on a kinematic slide to allow it freely to take on the correct slope as required by 
the height difference of the gauges A and B, and the rotatable platen. This is flat 


* A. J. C. Brookes, E. M. Eden, and F. H. Rolt. 
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on its upper and lower faces, which are mutually parallel. The lower face rests 
upon and may rotate on the flat upper face of the base. The arrangement is such 
that the platen is accurately rotatable in the plane of its upper face. 

In use, the two gauges to be compared are ‘wrung’ to the platen, and the 
level-tube is lowered on its steel column so that the two ball feet, spaced at a centre 
distance of 17:5 mm, are resting on the upper surfaces of A and B. If then we assume 
that A is the reference gauge, the amount and direction of the inclination of the 
level-tube at position A-B will depend upon the height of B in relation to that of A. 


SENSITIVE 
SPIRIT LEVEL 


BUBBLE 
READING R, 


-GAUGES 


-ROTATABLE (b) READING WITH TABLE AND 
PLATEN GAUGES TURNED THROUGH 180° 


BASE 


(a) READING IN INITIAL POSITION 


Fig. 3.11. Principle of comparative measurement by Brookes level comparator. 


Also, since a level-tube gives readings in relation to a true horizon, account must 
also be taken of the plane of the platen in relation to this. This is done by rotating 
the platen through 180° to the position shown at Fig. 3.11 (b), having first raised 
the level-tube clear of the gauge. A second reading is taken at position B~A. The 
difference between the readings A-B and B-A must thus be twice the difference 
in height between the two gauges. We therefore have, 


Height difference (8h) Ans 


where R, and R, are the readings A-B and B-A respectively. 

The instrument scale is calibrated directly to 0-2 um, and may be read to 
0-04 pm by estimation. It is thus possible, when one considers the ‘doubling’ 
effect of this method of comparison, to detect differences in height as small as 
0:02 um. 

A feature of this instrument, and one which is quite unique, is that the gauges 
are compared together, and not in isolation from each other. The importance of 
this may be judged by the fact that having ‘wrung’ the gauges to the platen, they 
may then be left to equalize in temperature before readings are taken, a time of 
1 min/mm of gauge length being recommended for this purpose. 

The instrument is produced cornmercially in sizes to accommodate gauges up 
to 1 m in length. This again is a unique feature. 
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The operation of such an instrument is somewhat slow but, used under 
correct conditions in a standards room, is entirely suitable for the calibration of 
gauges, as dealt with previously in this chapter. 


3.712 Eden—Rolt ‘Millionth’ Comparator 


This instrument is again suitable for the calibration of gauges under measur- 
ing conditions appropriate to a standards room. 

Its design is notable for the simplicity and economy with which it obtains a 
very high magnification, due to the combination of a mechanical movement 
supplemented by an optical system, .—- j 

The mechanical magnifying system is shown diagrammatically in Fig. 3.12 (a). 
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` 
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=O 


d=SEPARATION 
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Fig. 3.12(a). Mechanical system of Eden-Roit ‘millionth’ comparator (magnification x 400). 


The reference gauge, A, is placed between the anvil and the measuring 

plunger, and causes a small linear movement of block M relative to block F. 
The blocks are connected by thin steel strips, S, and to a pointer carrying at its 
other end a ring across which is stretched a spider web. The movement of block M 
causes a deflection of the pointer, which is about 200 mm in length. 
_ The spider web at the end of the pointer is not viewed directly, but only as an 
image moving relative to a scale. The optical system producing this is shown 
diagrammatically Fig. 3.12 (b). It is a simp] projection system, to give a magniti- 
tation of x20. if, then, the mechanical maguification=« x400, and opisal 
Magnification-= x 50, total magnification = 400 x 30 -= x 20 009. . 
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The scale is calibrated to read directly to 0:2 um and the scale divisions 
are about 5 mm apart. It is therefore possible to read by estimation to 0-02 um. 

It will be noted that this design produces a very high magnification in two 
relatively simple stages, the first of which depends upon kinematics for its sensi- 
tivity and simplicity of manufacture. 

The contact faces of the anvil and plunger are also unusual. That carried on 
block M consists of a single ball. The anvil face, however, consists of a cluster of 
three balls enclosing a triangle. The gauge is therefore seated correctly on the 


anvil, and cannot take up an incorrect attitude relative to the line of movement of 
block M. 


REFLECTOR 


PROJECTION LENS 


am 
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Fig. 3.12(6). Optical system of Eden-Rolt ‘millionth’ comparator 
(magnification x 50). 


The instrument is considered to be an outstanding example of design, in 
which accuracy of manufacture plays little part in the accuracy of the readings. 
For example, it is not necessary for either the spacing of the steel strips carrying 
the pointer to be precise, or the length of the pointer. Similarly, the magnification 
of the optical system may be of a nominal value only. 

Any deficiencies arising from the manufacture of either of these systems may 
be compensated for by the calibration of the scale of the instrument by reference 
to readings obtained on a series of slip gauges having known errors. 

We will consider now the principles of operation of the more usual types of 
comparators, noting the ways in which kinematic principles are applied, and 
the instrument performance to be expected. 


z 
<7 
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3.72 Mechanical Comparators 
3.721 The Johansson ‘Mikrokator’ va 


Perhaps the simplest, yet most ingenious, movement used in this type of 
instrument is one due to H. Abramson, a Swedish engineer, and which is made by 
C. E. Johansson Ltd. It is shown diagrammatically in Fig. 3.13. 


CANTILEVER 


BELL CRANK 
STRIP 


LEVER 


Fig. 3.13. Movement of Johansson Mikrokator. 


A thin metal strip carries at the centre of its length a very light glass tube 
pointer. Frora the centre, the strip is permanently twisted to form right- and left- 
hand helices. One end of the strip is fixed to the adjustable cantilever strip, the 
Other being anchored to the spring strip elbow, one arm of which is carried on 
the measuring plunger. 

As the measuring plunger moves, either upwards or downwards, the elbow 
acts as a bell crank lever and causes the twisted strip to change its length and thus 

her twist, or untwist. Hençe the pointer at the centre of the twisted strip 
rotates an amount proportional to the change in length of the strip. 

It can be shown that the ratio 
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oe = amplification = see : 
-d ame = Wn 


where /=length of twisted strip, measured along its neutral axis 
W=width of twisted strip 
n=number of turns 
6 =twist of mid-point of strip with respect to the end (degrees) 


The dimensions of the rectangular section of the twisted strip are always 
very small, and vary according to the amplification of the instrument. An average 
value for these dimensions is 0:06 mm x 0:0025 mm and the stresses in the strip, 
for a given tension, may be further reduced by small perforations along its length. 

The purpose of the cantilever strip, other than as an anchorage, is to allow 
an adjustment to be made in amplification. Its effective length may be varied, 
and if for example it is increased, then for a given total movement of the plunger 
more of this movement will be accommodated by deflection of the cantilever, and 
less by extension of the twisted strip. 

It should be noted that here again is an example in which design allows 
simplicity of manufacture; the final setting of the instrument amplification being 
made by a simple adjustment of the free length of the cantilever strip. It should 
also be noted that the cantilever mounting is adjustable, and by slackening one, 
and tightening the other mounting screw, the initial tension in the twisted strip 
may be adjusted. 

The lower mounting of the plunger is in the form of a slit C washer as shown 
in Fig. 3.13 and this completes the movement of an instrument which has no 
mechanical pivots or slides at which wear can take place. 

The instrument is surprisingly robust and is produced commercially in a range 
of magnifications up to x 5000, although under controlled laboratory conditions 
much higher sensitivities have been achieved. 


3.722 The ‘Sigma’ Comparator 


Another mechanical comparator of ingenious yet simple design is that pro- 
duced in a range of magnifications by the Sigma Instrument Company. The 
movement is shown in diagrammatic form in Fig. 3.14 (it must be emphasized 
that this is a diagram explaining the principles and that the actual movement is 
much more compact than this). 

The plunger, mounted on a pair of slit diaphragms to give a frictionless linear 
movement, has mounted upon it a knife edge which bears upon the face of the 
moving member of a cross-strip hinge. This consists of the moving component 
and a fixed member, connected by thin flexible strips alternately at right angles 
to each other. It can be shown that if an external force is applied to the moving 
member it will pivot, as would a hinge, about the line of intersection of the strips. 
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Attached to the moving member is an arm which divides into a ‘Y’ form. If 
the effective length of this arm is L and the distance from the hinge pivot to the 
knife edge is x then the first stage of the magnification is L/x. 

To the extremities of the ‘Y’ arm is attached a phosphor-bronze strip which 
is passed around a drum of radius r attached to the pointer spindle. If the pointer 
is of length R then the second stage of the magnification is R/r and the total 
magnification is L/x x R/r. 
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Fig. 3.14. Diagram of movement of Sigma mechanical comparator. 
ahg, 
>*t. The magnification can be adjusted by ‘slackening one and tightening the 
Other screw attaching the knife edge to the plunger and thus adjusting distance x, 
"While a range of instruments of differing magnifications can be produced by having 
drums of different radii r and suitable strips. 
i Apart from the movement. the instrument has other interesting features as 

ows: 


Ep 
Re” 


= (a) Safety. It should be noted that the knife edge moves away from the moving 
Member of the hinge and is followed by it. Therefore, if too robust a plunger 
Movement is made the knife edge moves away from the hinge member and shock 
‘Joads are not transmitted through the movement. 

ae aus ‘Dead beat’ readings. The pointer is caused to come to rest, with little or 
‘the: se ae by mounting on the pointer spindle a non-ferrous disc moving in 
ance dd i permanent roagnet. Rotational movement of the pointer and disc 
i lon : 3y Currents £0 be set up in the disc, which have a turning effect in opposi- 
J) SO tne direction of motion and proportional to the rotational velocity. Thus 
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oscillations are damped out by a damping force which increases as required, i.e. 
with the amplitude and velocity of the oscillation. 


(c) Fine adjustment. The normal height adjustment of the work stage, to zero 
the pointer, is too coarse for the high magnification of such an instrument, and 
is unsuitable for this purpose. To overcome this the dial of the Sigma instrument 
is mounted so that it rotates about the spindle axis. Thus, final setting of the 
pointer is achieved by moving the scale, rather than the work, and in this case the 
instrument magnification helps rather than hinders. 


(d) Parallax. This common cause of erroneously reading dial type instru- 
ments is overcome by having a reflective strip on the scale. The line between the 
eye and pointer is only normal to the scale when the pointer obscures its own 
image in the silvered part of the dial. 

Later models avoid parallax by having the pointer behind the scales, the tip 
only of the pointer being visible, through a slot. The pointer tip is turned through 
90° and carries across its end a small ‘Tee’ piece which moves in the slot and thus 
lies in the plane of the scales. As the pointer and scales lie in the same plane the 
parallax effect is completely eliminated. 


(e) Constant measuring pressure. A feature not shown in the simplified 
diagram is the use of a magnet to enable the plunger contact pressure to be con- 
stant over the range of the instrument. In any instrument of this type, the greater 
the deflection of the movement, the greater will be the displacement force required, 
and thus the greater the measuring pressure. This adverse effect is compensated 
for by mounting a horseshoe magnet on the frame and a keeper bar on the top of 
the plunger. As the plunger is raised, and the force required increases, the keeper 
bar approaches the magnet and the magnetic attraction between the two increases. 
Thus as the required deflecting force increases the assistance given by the magnet 
increases and the total force remains constant. 


The Sigma comparator has been discussed at some length because it is felt that, 
apart from being an excellent measuring instrument, it provides an example of a 
first-class design technique, each problem being considered separately and a means 
of overcoming it devised, based on the use of relatively simple and well-known 
principles. 


3.73 Mechanical-Optical Comparators 


In these instruments, small displacements of the measuring plunger are amplitied 
by, initially, a mechanical system consisting usually of pivoted levers, followed by a 
further amplification by a simple optical system involving the projection of an 
image. The mechanical system ‘causes a plane reflector (mirror) to tilt about an 
axis. The image of an index is then projected to a position relative to a scale, and 
on to the inner face of a ground-glass screen. 

Fig. 3.15 shows, in diagram form only, such an arrangement. 
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Fig. 3.15. Principle of optical comparator. 
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In such a system: 
Mechanical amplification = 1.x 20 x 1 =20 units 


Optical amplification =50x2 =100 units 
Total amplification == 20 x 100 units 
== 2000 units 
The factor of 2 contained in the optical amplification is brought about in the 


following manner. 
Consider a parallel beam of light falling on to a plane reflector, and at angle 0 


relative to the normal to the reflector, Fig. 3.16 (a). The reflected beam will also 


form the angle @ relative to the normal. 
RAY 
\ aqunuent 


; NORMAL 


Fig. 3.16(a). Reflection from a plane surface. 
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If now, the plane reflector is turned through the angle 58, the path of the 
incident beam remaining constant, it is seen [Fig. 3.16 (6)] that the normal to the 
plane reflector having turned through angle 80, the reflected beam is turned 
through 289. 


REFLECTOR © ech 
TURNED THROUGH 6&6 nce 
wf 
—NORMAL 1 
NORMAL 2 


Fig. 3.16(6). Reflection from a plane surface turned through angle 89. 


The angle between the incident beam and its new normal 2 equals 6+ 58. 
Likewise, the angle between normal 2 and reflected beam 2 is equal to 0+ 50. 
The total angle between the incident and reflected beams therefore becomes, 
2(8 + 56). 

It is this ‘built in’ magnification of 2 obtained from a single reflection, which 
is of such value in optical comparators. Clearly also, if a double reflection is 
provided, as may be obtained from two opposed reflectors, one fixed, the other 
capable of tilting through 58, then the factor becomes 4. 

Normally, however, sufficient amplification is obtained from a single mirror 
used in conjunction with a suitable length of reflected beam, acting as a weightless 
lever. 

A point of interest, and of some importance, in mirrors used for this and 
similar purposes in other measuring instruments, is that they are of the front 
reflection type, and hence the loss of definition which results from the use of the 
normal back. reflection mirror, as shown in Fig. 3.17, is avoided. 

Considerable care is required in the handling of such mirrors to avoid damage 
to the reflecting surface. They should be cleaned only with a clean camel-hair 
brush. 

Fig. 3.18 shows a particular application of the foregoing principles, in the 
Omtimeter produced by Optical Measuring Tools (td. 


58 


Linear Measurement 


It is in effect an auto-collimator, in which the reflector is built in, and deflected 
by the measuring plunger. To keep the instrument compact in design the light 
path is turned through 90° by the prism, and of course the scale is graduated in 
linear units, usually of 0-001 mm. 

Such instruments have very low inertia in the movements, as the only moving 
parts are the plunger and the reflector. The normal pointer in mechanical instru- 
ments is replaced by a beam of light which is of course weightless, and the optical 
lever system (Fig. 3.16) gives a doubling effect to the magnification. 


Fig. 3.17. Reflection from back and front reflectors. 


If the distance from the plunger centre-line to the mirror pivot is x, and the 
plunger moves a distance #, then the angular movement of the mirror 


590 
x 


If f is the focal length of the lens then the movement of the scale is 2/80 (see 
Chapter 4). 


h 
.. Scale movement =2/ À 


: ; i cale movement 
The magnification of the instrument ==> eA 


Plunger movement 
fh l 


It should be noted that this magnification is double that of a simple mechani- 
cal lever in which the magnitication is the ratio of the lengths on either side of the 
fulcrum. In this case one lever arm Jength is the distance x; the other lever arm 
18 the focal length f; and the factor 2 is due to the optical lever. 

Further magnification is provided by the eyepiece so that: 
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Overall magnification = x Eyepiece magnification 
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Fig. 3.18. Optical arrangement of O.M.T. optical comparator. This instrument projects the 
reflected image of the scale on to a screen. 


Magnification at graticule = 


Projection magnification = f 
Overall magnification = y x a 


(Courtesy of Optical Measuring Tools Ltd.) 
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3.74 Pneumatic Comparators 


Industrially, pneumatic comparators, in which small variations are made in the 
dimension being measured with respect to a reference dimension and which are 
shown by a variation in either (a) air pressure, or (b) the velocity of air flow, are 
becoming of increasing importance. 

The reasons for this are that very high amplifications are possible, no physical 
contact is made either with the setting gauge or the part being measured, and that 
internal dimensions may be readily measured, not only with respect to tolerance 
boundaries, but also geometric form. Further, the system lends itself to the 
inspection of a single, or a number of dimensions simultaneously, either during or 
immediately after the operating cycle of a machine tool. 


3.741 Back-pressure Comparators 


The air pressure variation system is based on the use of a two-orifice arrange- 
ment, as shown in Fig. 3.19. 


MEASURING 
ORIFICE O, 


CONTROL 
ORIFICE O, 
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Fig. 3.19. Essentials of a back-pressure pneumatic gauging system. 


Air is passed at controlled pressure into the measuring head, and provides the 
Source pressure, P,. It passes through the control orifice O, into the intermediate 
chamber. Orifice O, is of constant size, but the effective size of O, may be varied 
by the distance d. As d varies, pressure P» also changes, and thus provides a 
measure of dimension d. Thus the indicating device is a pressure gauge or mano- 
meter recording the pressure Py, between the orifices. 

By suitably matching the diameters of O, and O,, and controlling P,, the 
Pressure at Py may be made to vary linearly with the effective size of O,, over a 
limited portion of the curve obtained by plotting the relationship of the ratios 
4,/A, and P»/P, as shown in Fig. 3.20, where A, and A, are the areas of orifices 
O, and O, respectively. 

__ For values of P,/P, between approximately'0-6 and 0-8, the curve is linear 
Within 1%, and it is these values that are used in the design of such comparators 
for the relative diameters of orifices. 
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If we consider the linear portion of the curve, i.e. between the values of 0-6 
and 0:8 for Pə/P, its law may be written as: 


LINEAR WITHIN 
1% IN THIS RANGE 


A, 


Fig. 3.20. Characteristic curve of back-pressure pneumatic system. 


As with any other comparator, the sensitivity is the ratio of the change of 
position of the indicator with respect to a corresponding change of position of the 
plunger. In this case the change of position of the indicator is dP» and of the 


plunger dA,, the pneumatic sensitivity being = 


dA. 

bAPs 
. Py = P;a- 7 
dP. __—bP, 
dA, A; 


Therefore, the pneumatic rnagnification is proportional to the input pressure, 
and inversely proportional to the area, or the square of the diameter, of the 
control orifice. 

It is clear that an essential operating requirement is that pressure P, is con- 
stant. It is thus necessary to have a simple pressure regulator controlling the 
pressure of the air from the normal supply line, and jf necessary reducing it from 
about 55 N/cm? to 1 N/cm?. Fig. 3.21 shows the circuit diagram of the instrument 
produced by Solex Air Gauges Ltd., the instrument being arranged for internal 
measurement. 

The air from its normal source of supply, say the factory air line, is filtered, 
and passes through a flow valve. Its pressure is then reduced and maintained at a 
constant value by a dip tube into a water chamber, the pressure value being 
determined by the head of the water displaced, excess air escaping to atmosphere. 
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The air at reduced pressure then passes through the control orifice, and escapes 
from the measuring orifice. The back pressure in the circuit is indicated by the 
head of water displaced in the manometer tube. The tube is graduated linearly to 
show changes of pressure resulting from changes in dimension d, Fig. 3.19. 
Amplifications of up to 50 000 are obtainable with this system. 


INPUT- FLEXIBLE 
CONNECTION 
WATER 
SURFACE 
AIR PLUG 
GAUGE 
TANK X 7 N 
ZZ YAN WORK 
Z N BEING 
YONG ANMEASURED 
H N DOIN 
` im, a 
ESCAPE TO 
EXCESS AIR |] MANOMETER ATMOSPHERE 
BUBBLING TO i he TUBE MEASURING 
SURFACE ! JETS 


DIP TUBE J 
| i. aa 
— —. OO ——-— — 


Fig. 3.21. Application of back-pressure air gauging system used by Solex Air Gauges Ltd. 


Another back-pressure comparator is produced by Mercer Air Gauges Ltd., 
but this operates at the much higher pressure of 27-5 N/cm? gauge. The constant 
pressure input is produced from the line pressure by a diaphragm type regulator 
and passed to the control orifice and thence to the measuring orifice. 

Interesting features are: 


(a) Magnification adjustment. It has been shown that the magnification can be 
varied by varying the diameter of the control orifice. This is achieved by means of 
a taper-needle valve in the control orifice and enables a single scale to be used 
for all work by adjusting the magnification and zero settings. 


> (6) Zero adjustment. An air bleed, upstream of' the measuring orifice and 
controlled by a taper-needle valve, provides a zero adjustment. 


is , The pressure measuring device is a Bourdon tube type pressure gauge, the 
dal being graduated in linear units, ic. CO1 mm, 0-001 mm, or inch units. 

AS wita ajl other comparators, initial setting is by means of reference 
gauges, 
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In this case, it is important that the reference gauges, and the part being measured, 
are of the same geometric form. For example, slip gauges are applicable as setting 
gauges for flat workpieces, while circular section work requires the use of cylindri- 
cal setting gauges. For work of the type shown in Fig. 3.21, a pair of reference 
ring gauges is necessary for setting purposes. If this precaution is not taken, the 
expansion characteristics of the air escaping from the measuring orifice, O,, are 
changed and affect the accuracy of pressure readings on the manometer tube. 

A possible disadvantage of the back-pressure type of instrument, is its 
relatively slow speed of response under some conditions of use. It is clear that as 
the volume of air in the system increases, its response to changes of pressure will, 
due to its compressibility, be reduced. This is a form of passivity referred to in 
section 3.45. This characteristic is of no great concern when the total length of the 
circuit is short, but in applications to dimensional control in the operation of 
machine tools for example, this length may be considerable, and give rise to 
passivity. 


3.742 Flow-Velocity Pneumatic Comparators 


The second form of pneumatic comparator is that based on the velocity of 
air flow. In this system, no control orifice such as O, (Fig. 3.19) is used. The 
velocity of air flow through the system is measured, and thus variations in the 
effective escapement area of the orifice O, are measured as variations in the flow 
rate of the air. 


Fig. 3.22 shows the circuit for such a system. Air from a main supply, say the 
normal factory air line, is filtered and pressure regulated. It passes through an 
indicating device, in the form of a graduated glass tube, the bore of which is 
uniformly tapered and in which the indicator ‘floats’. In fact the indicator takes 
up a position in the tapered tube such that the air velocity through the annulus 
created by the ‘float’ and the tube is constant. The air then escapes through the 
gauging orifice. 

If, now, a master gauge of correct size and geometric form is used to provide 
a ‘datum’ rate of air flow through the system, and, as shown by the height of the 
indicator in the tube, any variation in the dimension of the part being gauged will 
produce a variation in the rate of flow through the system, by changing the effective 
cross-section of the gauging orifice. This is shown as a change in the height of the 
indicator on a linearly graduated scale. 

This system may be used in all applications where the back-pressure system 
is applicable, and with the advantages of greater simplicity and speed of response, 
regardless of the length of the circuit. 

Both the back pressure and velocity of air flow systems cach have the advan- 
tage that the measuring orifice makes no physical contact with the surface of the 
part being measured. This is a considerable advantage where such contact may be 
detrimental to the surface finish of the part. 


64 


Linear Measurement 


Additionally, each may be used to show the geometric form of a workpiece. 
This 1s a characteristic of very great importance, and will be increasingly so with 
the reduction of the size of dimensional tolerance zones. That is, the shape of a part 
must be contained within the diameters of two circles defining the tolerance 
boundaries. Where the differences between these is very small, perhaps a fraction 
of a micro-metre, the probability of a machine being incapable of producing 
geometric forms of the required accuracy increases. 
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Fig. 3.22. Line diagram of flow-velocity-type pneumatic circuit. 


For example, the normal gauging unit for internal diameters consists of a 
free fitting plug gauge as in Fig. 3.21, having two orifices diametrically opposed. 
By rotating the head 180° in the bore being tested, the simple case of ovality may 
be detected. 

By using a ring gauging head (Fig. 3.23) having three equally spaced orifices, 
the condition of a three-lobed shaft is detected, again by rotating the shaft through 
120°. The same head will also give an average diameter of the shaft. 
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THREE EQUALLY 
SPACED MEASURING 
ORIFICES 


LOBED 
WORKPIECE INSTRUMENT 
ANNULAR GROOVE 
CONDUCTS AIR TO 
MEASURING ORIFICES 


Fig. 3.23. Pneumatic ring gauge arranged to measure diameter and reveal 
lobing. 


N 


3.75 Electrical Comparators 


In general these comparators depend upon the operation of a Wheatstone bridge 
circuit in which, for a d.c. circuit, a change of balance of the electrical resistance 
in each arm of the bridge is caused by the displacement of an armature, relative 
to the arms, and under the action of the measuring plunger. The out-of-balance 
effects in the circuit are measured by a micro-arometer graduated to read in 


linear units, and in terms of the displacement of the measuring plunger. 
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Fig. 3.24. Measuring head for electrical comparator. 
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7 


Fig. 3.24 shows a similar principle but for an a.c. circuit, in which the move- 
ment of the plunger displaces an armature, thus causing a variation in the induc- 
tance of a pair of coils forming one arm of an a.c. bridge. A possible arrangement 
for the ensuring Bead of suck au fastrament iy also sho which the plunger 
displaces an arm mounted between the coils on a thin flexible steel strip. The arm 
carries an armature, and the inductance in the coils is dépendent upon the dis- 
placement of the armature relative to the coils. The balance of the circuit is initially 
set to zero, and the amount of unbalance caused by the movement of the measuring 
plunger, and hence by that of the armature, is amplified and shown on a-scale 


graduated in linear units. Magnifications as high as x 30000 are possible with 
this system. 


3.76 Fluid Displacement Comparators 


p 


— 


At the present time, comparators employing this principle, Fig. 3.25, have limited 
application. i 


HIGH-LIMIT FINGER 


POINTER SET AT 
FREE HEIGHT OF FLUID 


FLUIN CHAMBER 


PLUNGER 


3 


Fig. 3.25. Principle of Prestwich fluid gauge. 


3 
Magnification is approximately sy. 


A fine bore capillary tube is arranged so that its lower end js placed in a 
chamber of relatively large cross-sectional area, containing a fluid of low viscosity. 
The bottom of the chamber takes the form of a diaphragm which may be deiected 

y pressure transferred to it by the measuring plunger. Diaphragm deflection 
causes a small quantity of fuid to be displaced from the chamber into the tube, 
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thus raising the level of the fluid in this to a point above its free height. A scale is 
arranged at the side of the tube, and limit pointers may be set relative to this to 
indicate the high and low limits of the dimension being measured, and as obtained 
by reference to a setting master. 

The magnification of such a system is given by: 


Cross-sectional area of chamber 


e Magnification = : 
8 Cross-sectional area of tube 


There are certain disadvantages in a system such as this: 

(a) The fluid reacts to temperature changes in the same way as in a thermo- 
meter; hence the need for a pointer to show the free height in the tube. Any 
variation in this requires a corresponding resetting of the high- and low-limit 
pointers. 


(b) There is a certain passivity in the instrument due to the characteristics of 
the diaphragm, and the viscosity of the fluid. 


(c) The deflection of the diaphragm per unit measuring force is not constant. 
Hence, as the resistance offered by the diaphragm increases, the measuring force 
increases. 


3.88 DESIGN AND OPERATION OF MEASURING MACHINES 


The measuring instruments considered in section 3.4 are, with a few exceptions, 
limited to linear comparisons of about 250 mm. In fact several have capacities 
much less than this. 

Much linear measurement work, however, involves dimensions considerably 
greater than this, and has given rise to a number of measuring machines of various 
designs. The simplest of these is based on the use of a micrometer screw as a means 
of revealing differences in length between a setting master and a workpiece or 
other gauge. 


3.81 The Horizontal Length Comparator 


The relatively simple machine of the type shown in Fig. 3.26 is a direct develop- 
ment of the bench micrometer, which is discussed in Chapter 8, dealing with screw 
thread measurement, and is suitable for length comparisons of up to 1 m. 

It has all the main design features of the bench micrometer together with vee 
and flat guide-ways along the bed to allow suitable spacing of the measuring head, 
anvil, and work supports. Also the fiducial indicator is replaced by a dial gauge. 

From 1.214 it has been seen that the correct support of bars, when held in a 
horizontal plane, is an essential feature of correct measurement, and that the two 
support points should be spaced 0-577 L apart, L being the length of the bar. 


68 


Linear Measurement 


The supports shown in Fig. 3.26 are of vee form, and adjustable for height, spacing, 
and laterally across the bed. 

In use, a length bar of appropriate grade, and as referred to in section 3.3, is 
placed on the vee supports which are then adjusted in height so that the axis of 
the bar and the axis of measurement are coincident, as shown by minimum readings 
of the dial indicator when one of the vee supports is adjusted vertically and across 
the bed, and a reading is obtained on the micrometer at some suitable position 


Fig. 3.26. Length-bar measuring machine set to determine the length 
of a pin gauge. 


of the pointer of the dial indicator. ‘The gauge or workpiece to be measured is 
now substituted for the length bar and a second micrometer reading is taken at the 
Same reading of the indicator. The difference between the two micrometer readings 
is clearly the difference between the lengths of the setting standard and the work, 
allowance being made for the known error in the length bar as obtained from the 
calibration chart. Since the micrometer reads direct to 2 um, an accuracy to at 
least this order may be expected in determining the length of the workpiece, but 
it should be noted that whenever possible the length of the setting master should 
be close to the length of the workpiece to avoid undue movement of the micro- 
meter screw and the consequent introduction of its pitch errors into the measure- 
. ment. It is also necessary to allow a suitable period for temperature stabilization 
before taking any readings. 
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3.82 Universal Measuring Machines 


Several machines of this type are available to cover a wide range of types of 
measurement. One such machine, Fig. 3.27, is made by Société Genevoise. The 
basis of the accuracy of measurement is an accurately divided scale viewed through 
a microscope, and used to determine the movements of the measuring anvils of 
the machine. It should be noted that the divided scale is positioned to be in line 
with the line of measurement as determined by the axis of the measuring anvils. 
Thus, the principle of alignment (section 3.41) is satisfied. 


Fig. 3.27. Measuring machine incorporating a divided scale as a reference. 
` (Courtesy of the Société Genevoise) 


The machine is universal in the sense that lengths, and diameters, of both 
plain and threaded work, tapers, and the pitch of screw threads may be measured, 
and to a high order of accuracy. 

Similar machines are built by Société Genevoise, employing two and three 
co-ordinate measuring systems, also based on the use of line staadards. It is of 
interest that the scales are enclosed within the machines and are thus not liable to 
damag2 by physical contact and atmospheric attack, as ars the working faces of 
end gauges. 
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3.83 The Photo-Electric Microscope 


The reading accuracy of measuring machines based on the use of built-in line 
standards has been greatly enhanced by the development of the photo-electric 
microscope. The scale reading in such a machine is taken by causing a pair of 
hairlines in a microscope graticule to straddle evenly a unit line on the scale, and 
combining the scale and graticule readings. It must be appreciated that even stradd- 
ling by the hairlines is a matter of subjective Judgment and is thus liable to varia- 
tion. 

The photo-electric microscope overcomes this by scanning alternately, with a 
photo-transistor or cell, the light contained in the spaces between the straddling 
wires and the line. The electrical outputs from these alternate scans are caused to 
be of opposite sign and their algebraic sum is recorded on a meter. To make a 
reading therefore, the microscope is set by eye in the normal way and then adjusted 
until the meter reads zero, when the scale line is accurately positioned midway 
between the two hair lines. Thus greater repeatability of readings to a higher order 
of accuracy is obtained. 


39 AUTOMATIC MACHINE CONTROL 


It is felt that the topics of metrology and machine control are so closely associated 
that some mention of the latter must be made here, although in fact machine 
control is the subject of other volumes and papers, and space limits a detailed 
consideration of the subject. 

Consider an operator performing a cylindrical grinding operation. To obtain 
a workpiece of the correct size he must carry out the following sequence of 
operations: 

(a) Measure the work. 

(6) Calculate the difference between the actual and the required sizes. 

(c) Move the table cross-slide by half this amount. 


(d) Take the cut set. 
(e) Check by measurement the final size: 


Ju an automatic sizing device this procedure is carried out continuously, 
4 gauging head measuring the work continuously and transmitting its readings to 
a computor which compares the size at a given instant with the final size required. 

© computor output is then used to control the infeed of the grinding wheel. 

A block diagram of this system is shown in Fig. 3.28. It is immediately 
apparent that the measuring unit of such a system is most important, and further 
at the measuring unit must have an output capabie cf being used as the input to 
the computor, i.e. it must read in terms of a physical quantity rather than a marn- 
“ical value. For this type of work the back-pressure type of pneumatic gauging 
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system is extremely useful and is incorporated into: automatic sizing devices 
produced by Mercer Air Gauge Ltd., and others. 

Electrical output is also suitable for machine control purposes, and the output 
from a line standard and photo-electric microscope is used by Société Genevoise 
for tape control of their jig borers. 
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Fig. 3.28. Essentials of an automatic sizing system. 


Transmission diffraction gratings are used by Messrs. Ferranti Ltd. to provide 
a programmed control system on machine tools and other applications such as 
automatic flame cutting. The motion of moiré interference fringes across a pair of 
diffraction gratings is the measure of the movement of one grating relative to 
another. Thus, by counting the fringes, using a photo-transistor, the distance 
moved by a slide is compared with the distance the slide is required to move, and 
further motion is dependent upon this comparison. This form of linear 
measurement is discussed in further detail in Chapter 11, section 11.42. 

In all cases, it should be noted, the whole system is dependent upon some 
method of linear measurement, either already existing, or being further developed 
to meet the demands of modern industry. 
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Angular Measurement and Circular Division 


41 GENERAL 


ANGULAR measurement and circular division form a single and important part 
of metrology. Frequently, however, it is divided into two branches, angular 
measurement being concerned with the measurement of individual angles, while 
circular division, involving the continuous measurement of angles in the division of 
a circle, is considered as almost completely divorced from this system. 

It is felt, however, that it is of such importance to appreciate these as two 
facets of a single problem, that this chapter will deal with them as such. Angular 
measurement will lead into circular division as a natural sequence. 


42 ANGLES DERIVED FROM LENGTH STANDARDS—THE 
SINE BAR 


It was noted in Chapter 1 that by suitable combination of linear measurements, 
angular measurements of a precise nature may be undertaken. The sine bar affords 
an excellent example of such combinations when used in conjunction with gauge 
blocks. In effect it consists of a bar carrying a suitable pair of rollers set at a 
known centre distance, the basic design and use being shown in Fig. 4.1. 


$ E GAUGE wie h jh 

6 BLOCKS BE 
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SURFACE PLATE OR TABLE 


Fig. 4.1 Sine bar set up to angle 8. 
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If J is the linear distance between the axes of the rollers and h is the height 
of the gauge blocks, then sin @=h/I. 

The design requirements of a sine bar are as follows, and unless these are 
carefully maintained the order of accuracy of angular measurement will fall: 


(a) The rollers must be of equal diameter and true geometric cylinders. 


(b) The distance between the roller axes must be precise and known, and 
these axes must be mutually parallel. 


(c) The upper surface of the beam must be flat and parallel with the roller 
axes, and equidistant from each. 


These requirements are met and maintained by care in the manufacture of all 
parts, which should be hardened and stabilized before grinding and lapping. 
Provided that all is in order, and with a 250 mm sine bar the distance between the 
roller axes should be accurate to within 1 um, then it may be used in conjunc- 
tion with gauge blocks to realize high orders of accuracy for setting individual 


= 


WORKPIECE 


Fig. 4.2. Sine bar used to check angle of wedge-shaped block. 


In practice the sine bar should be used on a Grade A surface plate, and even 
so it is desirable to support both rollers on gauge blocks so that the minute 
irregularities of the plate may be eliminated. Thus in Fig. 4.1 the height 4 would 
be the difference in height between the two piles of gauge blocks. 

To measure an individual angle care must be taken not to form a compound 
angle by having the workpiece misaligned with the sine bar. This is avoided by 
lightly holding the bar against an angle plate or cube. The workpiece is similarly 
held against the angle plate and a series of readings taken along its upper surface 
with a dial gauge. When the readings are constant then the angle of the workpiece 
can be obtained from sin 9 =:h//. 

In determining a workpiece angle, rather than setting a siue bar to a prc- 
determined angle, much time is often wasted in finding the correct value of & by 
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trial and error. This time can be simply reduced by following a logical procedure 
as follows: 


(a) Set up the sine bar and workpiece as in Fig. 4.2 so that the upper surface 
of the work is approximately parallel with the table surface. 


(b) Take readings with a dial gauge at both ends and note their difference, 
noting which end of the work is low. 


(c) Assuming that the end nearest the high end of the sine bar is low, then 
the gauge block height must be increased by an amount equal to the 
difference in the dial gauge readings multiplied by the proportion of sine 
bar length to work length. 

For example, assuming that the end of a workpiece was 0-01 mm low, 
the sine bar being 250 mm long and the work 100 mm long, then the 
required increase in gauge-block height will be: 

250 
0-01 x 100 79 025 mm 

This will not give an immediately correct setting from a first approximation, 
but it is much quicker than by a trial and error method. 

Finally no sine bar should be used to set off angles greater than 45°, as beyond 
this angle the errors due to the centre distance of rollers, and gauge blocks, being 
in error, are much magnified. It is interesting to plot a graph of angular error 
against nominal angle if an error of 0:02 mm in all values of A is assumed. Large 
angles should be set off, where possible, by subtraction from 90°, i.e. set to the 
complement rather than the angle, and to a datum provided by an angle plate 
or cube known to be square to the table surface. 


4.21 Sine Tables 


These are a development of the sine bar principle and are set in a similar manner. 
It is clear that the sine bar is suitable only for relatively smal! work of light weight. 

The sine table has a larger working surface and is much more robust than 
the sine bar and is suitable for Jarger, heavier work. 

N A further development is the compound sine table in which two sine tables, 
their axes of tilt set at right angles to each other, are mounted on a common base. 
The compound angle to be set is resolved into its individual angles in two planes 
at right angies to each other, and each table is set accordingly. 


4.22 Sine Centre 


YY e : > ° 
Sa the testing of conical work, centred at each erd, the sine centres shown in 
es 4.3 are extremely useful since the alignment accuracy of the centres ensures 
nat the corect line cf measurement is made atong the workpises. 
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The principle of setting is the same as in the sine bar, although a hazard to be 
avoided is of the work and centres not being co-axial. To overcome this the work 
should be rotated on the centres until the maximum dial gauge reading is at the 
top. The angle is calculated from the gauge blocks in this condition, and then the 
work turned through 180° and the process repeated. 


BLOCKS 


Fig. 4.3. Angle of a taper plug gauge ready for checking on sine centres. 


The mean of the two angles determined will be the semi-angle of the work- 
piece, although it must be pointed out that any work which runs out to a measur- 
able extent would probably be considered as sub-standard in quality and be 
rejected on this account. 


4.3 MEASUREMENT OF TAPER GAUGES 


Taper limit gauges are not normally used to measure the taper, or angle, in a hole 
or shaft, but rather to find whether the diameter of a particular cross-section of 
the work is within the allowed limits. The diameter checked is usually at one end 
of the work: therefore the gauge is made with a step, the diameter of the cone at 
the top and bottom of the step being the limiting sizes of the work. 

The measurement of a taper plug or ring gauge may therefore be resolved 
into two stages: 


(a) Determination of the angle of taper. 
(b) Determination of specified diameters. 


4.31 Measurement of Taper Plug Ganges 


Usually the angle of taper of a taper plug gauge can be determined using the sine 
centres (section 4.22) but if these are not available the angle may be determined 
boy making diametral measurements at known distances along the gauge. 

The measurements are normally made over calibrated precision rollers of 
equal diameter, the separation of the individual measurements being controlled 
by gauge blocks. This arrangement is shown in Fig, 4.4. 
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PRECISION 
ROLLERS 


Fig. 4.4. Measurement of taper plug gauge. 
In triangle ABC it is seen that h is the height of the gauge blocks and 


BC=(M, —- M,)/2, in which M, and M, 
are the measurements over the rollers. 


ange es (D 


Thus the semi-angle of taper can be 
determined by direct measurement. 

To find the maximum and minimum 
diameters at the top and bottom of the 
step it is first necessary to determine D,, 
Fig. 4.5. Measurement of the diameter the diameter at the small end. Fig. 4.5 
of the small end of a taper plug gauge. = represents the small end of the gauge 
during the measurement of M.. 


It is seen that 


M, = D; +2r +2x 
and trom Fig. 4.5 
90-0 r 
tan 7 ~m 
.X=r xX cotangent Mad) 
-~ M,=Ds+2r (1 +cot ae *) 


or M,=Ds+d (1 + cot caus 2) where d=roller dia. 


2- 5) 


. Ds=M,-d (i +cot 
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Referring to equation (1) above it is seen that tan @ is in fact equal to the 
increase in radius per unit of length. 


.«. Increase in diameter per unit length =2 tan 0 
2. Dax = Ds +2H tan 0 
and Duin= Ds +2(H — S) tan 8 
° where H is the height of the gauge 
and S is the height of the step 


If a measurement M, is taken at 
some intermediate height between the 
positions for M, and M, then two 
further values of 6 can be determined. 
If all these values of angle are not the 
same then the taper is not a true cone, 
i.e. its sides are not straight. A check 
on roundness can also be made by 
carrying out the measurements M,, 
M and M3, at different positions 
around the gauge. 


4.32 The Taper Measuring Machine 


A refined method of carrying out the 
above measurement is to use a machine 
as shown in Fig. 4.6. It consists 
essentially of a micrometer, reading to 
0:0002 um units, and a fiducial indi- 
cator, which is free to ‘float’ across 
the line of measurement. The measur- 
ing head can be raised or lowered on a 
stiff column, and the work is sup- 
ported on a heavy base having a 
lapped surface and is held in position 
by a centre at the top. 

The micrometer is set to a cylin- 


drical standard of known size and Fig. i bee seeps pachine: 
with care high orders of accuracy ( Gale ne es Co. Lid)”. 


can be maintained. 


4.33 Measurement of Taper Ring Gauges 


The procedure here is similar to that used for taper plug gauges, the measurements 
being made with precision caliprated balls and gauge blocks. 
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Fig. 4.7. Measurement of a taper ring gauge. 


Again it can be seen that 
M, = M, 
2h 


90-9 
2 


and Dmax = Di -2(H — S) tan ô 
D min = Di -2H tan 0 


The accuracy obtainable by this method depends largely on obtaining the 
correct ‘feel between the balls and the gauge blocks and this comes only with 
practice and experience. However, it should be remernbered that in making such a 
measurement M there are four point contacts, all offering a probability of elastic 
compression, and that a gauge block just too large exerts a great wedging force. 
The authors feel that the best method is to start with the gauge blocks undersize 
and to see how much free movement of one of the balls is possible. The ball can be 
manipulated with a steel knitting needle. As the gauge block sizes are increased ia 
0-01 mm increments the free movement of the ball is reduced until finally no 
movement at all is possible. If the arrangement is left to cool and stabilize after 
handling, a final check can be made on the ‘feel’ of the balls and gauges, and any 
necessary size adjustments made. 

This method at least provides an objective process in approaching the correct 
Hoes and is not simply a method of guessing at a ‘nice snug fit? which nobody 

efines. 


tan @= 
But in this case 


D,=M, +d 1+cot | (where d= ball dia.) 


434 Measurement of Taper Bores 


The procedure described un section 4.32 may ouly be used where the taper bore 
i5 of large enousit diameter to allow easy access of balls and gauge blocks. For 
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smaller diameter tapers, angular and diametral measurements may be made using 
the arrangement shown in Fig. 4.8, in which the height at which balls of different 
diameters seat directly on the taper is measured. 


fF, 
ed 
\— | / DEPTH 
P ee MICROMETER 
1D, 
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| | 
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Fig. 4.8. Measurement of a taper bore. 


The centre distance LM between the balls will be 
LM =A, -hy—ry tre 

. 6 NL ri -r, 
Sin = am Minis 
-2 LM hg-hy-rytre 

Having thus found the semi-angle of the taper, its uniformity may be deter- 
mined by taking a further measurement on a ball of such diameter that it rests 
approximately mid-way along the length of the taper, and repeating the calcula- 
tion for the new measured values obtained. 

To find the diameter Dz at the large end of the taper: 


If O is the apex of the taper 


and OP =OL+PL 
and De~=2( OP aii 5) 


The practical difficulties ‘of this method of measurement are perhaps more 
severe even than in the previous case, especially if the taper has a small angle. 
The wedging effect of the balls and the consequent elastic deformation both of the 
balls and the gauge can cause appreciable errors in the measured values of h, and 
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hz, to give rise to related errors in the calculated angle. On no account should the 
balls be dropped into the taper. It is better if they are gently rolled into position 
with the axis of the taper lying almost horizontal. Again, here is a case where 
practical experience of such measurement allows one to overcome the difficulties 
involved. 


44 THE PRECISION LEVEL 


Reference has already been made in Chapter 3 to the Brookes Level Comparator, 
in which the basis of comparison of the height of two gauge blocks is the sensitivity 
of a spirit level. 

Essentially the spirit level is an angular measuring device in which the bubble 
always moves to the highest point of a glass tube, the bore of which is ground to a 
large radius. The sensitivity of a spirit level is governed solely by the radius of the 
tube or vial containing the liquid, and by the base length of its mount. 

Assume a level has graduations on the vial separated by a distance of / and 
the tube is of radius R. 

Now let one end of the tube be raised so that it is moved through an angle ô. 
If this causes the bubble to move 1 division, then: 


; l 
ô radians = R 


If the graduations are at 2:5 mm intervals and these represent a tilt of 10 sec 
of arc, then: 


10 sec =0-000 048 5 radians 22 ™ 
2-5 mm 


or R=51-5 m approximately 


Using this vial radius then in a base whose length is 250 mm, the height x which 
one end must be raised for 2:5 mm bubble movement is given by: 


, x 
0-000 048 5 radians 550) mi 
or x=0-012 mm 
‘ Similarly as the base length is reduced frora 250 mm, so the sensitivity is 
increased. Thus, if the standard base of 250 mm is reduced to 125 mm, then each 
scale graduation represents 0-006 mm. 

The main use of a precision level lies, not in measuring angles, but in measur- 
ing straightness and wind in machine tool slideways. This is dealt with more fully 
in Chapter 6, but briefly, if the level is stepped along the slide in intervals of its 
Own base length, the first position being taken as a datum, height of all other 
Points relative to this datum can be cetermined. 
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Although simple in concept and use, it should be remembered that the 
accuracy of a given level depends on the setting of the vial relative to the base. 
In most designs provision is made for adjustment of the vial in its mounting. 
However, in taking precise measurements of level, it is as well to assume that an 
error in the vial setting does exist and to take two readings along the same line, 
but in opposite directions. The mean of these readings will indicate the true amount 
Of error in level of the surface. 


4.41 The Clinometer 


The clinometer is a special case of the application of the spirit level. In this instance 
the level is mounted in a rotatable body carried in a housing, one face of which 
forms the base of the instrument. A main use of the instrument is the measurement 
of the included angle of two adjacent faces of a workpiece. Thus, in use, the 
instrument. base is placed on one face and the rotatable body is adjusted until a 
zero reading of the bubble is obtained. The angle of rotation necessary to bring 
this about is then shown on an angular scale moving against an index. 

A second reading is taken in a similar manner on the second face of the work- 
piece, the included angle between the faces being the difference between the first 
and second readings. Depending upon the type of instrument used, readings direct 
to 1 min are obtained, and up to a range of movement of 90°. 


4.42 Standards for Spirit Levels 


Standard of precision, sensitivity, calibration, and condition and accuracy of the 
locating faces, are dealt with in B.S. 958. For general precision work a sensitivity of 
10 sec is most useful, i.e. an angular displacement of 10 sec causes a bubble 
movement of 1 division on the vial, usually about 2:5 mm. 


45 OPTICAL INSTRUMENTS FOR ANGULAR 
MEASUREMENT 


For the measurement of small angular differences a group of optical instruments is 
available, all of which depend in principle on the collimation of a beam of light. 

If a point source of light O is placed at the principal focus of a collimating 
lens it will be projected as a parallel beam of light as in Fig. 4.9 (a). If this parallel 
beam now strikes a p)ane reflector which is normal to the optical axis, it will be 
reflected back along its own path and refocused at the source O. 

If the plane reilecior is now tilted through some small angle 5, the reflected 
parallel beam will turn through 25, and wili be brought to a focus at O,, in the 
focal plane, a distance x from O. 
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This effect is shown in Fig. 4.9 (b). If the ray passing through the geometric 
centre of the lens is considered, as it is, unaffected by refraction, it can be seen that: 


x=26 fmm 


where f is the focal length of the lens. 


INCIDENT RAYS 


SOURCE™ REFLECTED RAYS 
0 


COLLIMATING PLANE 
LENS REFLECTOR 


Fig. 4.9(a). Point source of light in focal plane of a colli- 
mating lens. 


REFLECTED 
IMAGE 


PLANE 
REFLECTOR 


Fig. 4.9(b). Projection of a point source being reflected from an 
inclined reflector. 


There are certain important points about this expression which are not 
Immediately apparent. These are: 


(a) The distance between the reflector and the lens has no effect on the 
separation x between source and image. 


(0) For high sensitivity, ie. a large vakie of x fora small an pulsar deviation, 3, 
a tons focal length is required. 
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(c) Although the distance of the reflector does not affect the reading x, if, 
at a given value of ô, itis moved too far back, all of the reflected rays will 
miss the lens completely, and no image will be formed. Thus, for a wide 
range of readings, the minimum distance between lens and reflector is 
essential. This is particularly important where the principle is used in 
optical comparators (Chapter 3). However, in this application it simply 

e limits the maximum remoteness of the reflector if the full range of readings 
of the instrument is to be used. 


4.51 The Microptic Auto-collimator 


The idea of projecting the image of a point source of light is not practical, so in 
this instrument a pair of target wires in the focal plane of the collimating lens is 
illuminated from behind and their image projected. Fig. 4.10 shows the optical 
arrangement of the instrument, the projected image striking a piane reflector and 
the reflection of the image being brought to a focus in the plane of the target wires. 


TARGET WIRE 
REFLECTED IMAGE 
OF TARGET WIRE _ 
MICROMETER 
ADJUSTMENT 
FOR SETTING 
d LIGHT SOURCE WIRES 


SCALE OF SECONDS 
AND 2 SECONDS 


SETTING WIRES 


CONDENSERS 
SCALE OF MINUTES ANQ !/2 MINUTES 
| TARGET WIRE 
MICROSCOPE S | 
5 - = ee 
EYEPIECE REFLECTOR | REFLECTED IMAGE 


OF TARGET WIRE COLLIMATING 
LENS REFLECTOR 


Fig. 4.10. Optical system and view through eyepiece of auto-collimator. A reading 
is taken by adjusting the micrometer until the setting wires straddle the image. 


The wires and their image are viewed simultaneously in an eyepiece, which 
also contains a pair of adjustable setting wires and a scale. The setting wires are 
adjusted by a micrometer until they straddle the reflected image (not the target 
wire). The scale is read to the nearest 4 min, and the micrometer drum which 
moves the wires 4 min per revolution, is divided into 60 equal parts. Thus 1 
division of the micrometer drum represents an angular deflection of the reflector 


SH 
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of one $ sec of arc. With care, and given a rigid mounting for the instrument, 
repeat readings of 0-2 sec are possible. 

The instrument normally has a range of readings of 10 min of arc up to a 
range of 10 m. It is invaluable in machine tool alignment testing or for any large 
scale measurement involving small angular deviations. A fuller description of its 
use for such purposes is given in Chapter 6. 


4.52 The Angle Dekkor 


In this application of the collimating principle, an illuminated scale is set in the 
focal plane of the collimating lens outside the field of view of a microscope eye- 
piece. It is then projected as a parallel beam and strikes a plane reflector below 
the instrument. It is reflected, and refocused by the lens so that its image is in the 
field of view of the eyepiece. The image falls, not across a simple datum line, but 
across a similar fixed scale at right angles to the illuminated image. Thus the read- 
ing on the illuminated scalc measurcs angular deviations from one axis at 90° to 
the optical axis, and the reading on the fixed scale gives the deviation about an 
axis mutually at right angles to the other two. 

This feature enables angular errors in two planes to be dealt with, or more 
important, to ensure that the reading on a setting master and on the work is the 
same in one plane, the error being read in the other. Thus induced compound 
angle errors are avoided. 

The optical system and the view in the eyepiece are shown in Fig. 4.11. The 
physical features simply consist of a lapped flat and reflective base above which the 
optical details are mounted in a tube on an adjustable bracket. 

In use, a master, either a sine bar or a group of combination angle gauges 
(see section 4.521) is set up on the base plate and the instrument adjusted until a 
reading on both scales is obtained. It is now replaced by the work, a gauge block 
to give a good reflective surface being placed on the face to be checked. The gauge 
block can usefully be held in place with elastic bands. The work is now slowly 
rotated until the illuminated scale moves across the fixed scale, and is adjusted 
until the fixed scale reading is the same as on the setting gauge. The error in the 
work angle is the difference in the two readings on the illuminated scale. 

To check the angle between faces which are nominally at 90° to cach other, 
no master is necessary. If gauge blocks are held against both faces and the angle- 
dekkor adjusted to give a reading it will be found to consist of two mirror images 
(due to double reflection) of the illuminated scale, superimposed on each other. 
The misalignment of the readings of these images will be double the error in the 
Tight angle. 

The type of view obtained in the eyepiece when the angle dekkor is used in 
this manner is shown in Fig. 4.12. Initially it is difficult to read, but with practice 
the method provides a quick and accurate means of testing right angles. 

Although the angle dekkor is not as sensitive as the auto-collimator it is 
extremely useful for a wide range of angular measurements at short distances. 
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It therefore finds its application in toolroom-type inspection. Readings direct to 
1 min over a range of 50 min may be taken, and by estimation, readings down to 
about 0-2 min are possible. 
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Fig. 4.11. Optical system of angle dekkor. 


4.521 Combination Angle Gauges 


It was mentioned in section 4.5 that the angle dekkor, which is essentially an 
angle comparator, was set to a master, as is any other comparator. It is possible 
to use a sine bay, but in 194] a much more convenient form of setting master, the 
combination angle gauge set, was introduced. 
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Combination angle gauges are simply blocks, hardened and lapped to precise 
angles, so that they can be ‘wrung’ together. Unlike gauge blocks, it must be 
realized that angular blocks can be added or subtracted as in Fig. 4.13. 


oH 
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Fig. 4.12. View in angle dekkor eyepiece when checking squareness 
direct. 
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TOTAL ANGLE 26° TOTAL ANGLE i8° 


Fig. 4.13. Addition: and subtraction of combination angle 
gauges. 


_ The values of the angles used are arranged in a modified geometric progres- 
sion with a common ratio of 3 as shown on the following page. 

_ These thirteen gauges, along with a square block each of whose angles are 
calibrated, enable any angle between 0° and 90° to be realized in increments of 3 sec. 
The gauges are used either in combination with each other or may be subtracted 
from the square block. 

The gauges, which are manufactured to the same high standards as gauge 
blocks, are stabilized. have ‘wringing’ characteristics, and are calibrated to a high 
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degree of precision. The reflective properties of their lapped surfaces make them 
particularly suitable for use with collimating type of instruments. 


Table of Nominal Values of Combination Angle Gauges 


Decimal | 


Minutes Minutes 


Degrees 


1 | Os 0-05 
| 


4.53 The Alignment Telescope 


The principal use of this instrument is in testing the alignment accuracy of bearings, 
location surfaces on large assembly fixtures, and work of a similar nature. 

It consists of two units, a collimating unit and a focusing telescope, the body 
of each of which is ground truly cylindrical and to a precise outside diameter. 
Further, the optical axis and the mechanical axis are coincident. Thus each unit 
may be fitted directly or by precision bushing into two bearings a considerable 
distance apart, and sightings taken from the telescope unit to the collimating 
unit. 

The collimating unit contains a light source and condensers, in front of which 
is placed an angular graticule in the focal plane of the collimating lens. This 
graticule scale is thus projected as a parallel beam of light. If the telescope is 
focused at infinity it will bring to a focus the parallel rays and the angular scale 
is seen against the datum lines in the telescope. Thus angular misalignment in 
both planes is determined. 

The collimating unit also contains, in front of the collimating lens, a second 
graticule also having two scales at right angles to each other. If the focus of the 
telescope is now shortened this graticule is seen against the datum lines of the 
telescope and linear displacements are measured directly. In this case the collimat- 
ing lens is simply providing eyen illumination for the displacement graticule, and 
the angular misalignment graticule cannot be seen because it is so far out of focus. 
A Jine diagram of the collimating unit and the view in the telescope eyepiece at 
both conditions of focus is seen in Fig. 4.14. 

It should be remembered that distance has no effect on the angular mis- 
alignment readings as these are taken using the collimating principle. However, 
this is not so with the linear displacement scale. The telescope only magnifies the 
apparent size of the scale as seen by the eye. Thus, as the distance is increased, 
the size of the displacement scale is reduced and its ‘readability’ is also reduced. 
Thus the accuracy of this reading diminishes with distance. 
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Fig. 4.14. Collimating unit of an alignment telescope showing views in telescope 
eyepiece with two conditions of focus. 


46 CIRCULAR DIVISION 


Most of the early work in line standards of measurement was carried out by 
Société Genevoise, a Swiss firm who have since produced most of the highly 
precise line standards, including the International Prototype Metre and its copies. 

Thury, the scientist responsible for this work, realized that the making of 
high-class instruments requires precisely divided circular scales, and developed a 
circular dividing machine in 1865. 

At this time, there was no method of checking the spacing of the teeth around 
the table of the dividing machine, and Thury set out to use the linear dividing 
machine, used for manufacture of line standards, as a form of sine bar to calibrate 
the dividing machine. a 

The first divided scale used for circular division was thus made. Since then 
many applications have been found for such scales in optical rotary tables, optical 
dividing heads, etc. 


a 


4.61 Mounting of Divided Glass Scales i 


The simplest form of optical divider consists of a glass scale which can be 
mounted on a mandrel and viewed through a microscope as in Fig. 4.15. 

The scale is illuminated from behind and may be read directly and in relation, 
to the scale in the microscope eyepiece. 

It is essential with equipment of this type that the divided circle is mounted 
So that it rotates truly about its own axis. If any eccentricity is present it will 
induce errors of division. Consider the disc in Fig. 4.16 as having an eccentricity e, 
1.€. as it rotates the centre of the disc describes a circle of radius e. 
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Fig. 4.15. Principle of optical dividing head or rotary table. 
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Fig. 4.16. Indexing esvors due to a divided circle being mounted eccentric by an amount e. 


In the position shown, the disc will read correctly against the datum. 
If turned until it reads 90°, however, its own centre will have moved to the 


position shown in 4.16 (b) and to read 90° it must be turned through an angle of 
90 + ô. 


Similarly in 4.16 (c), to read 270° an equal error of 5 occurs. However, in 
this case the dise is turned through less than 270° to read that ang!e. 
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Thus the error passes from 0 to + ô, through zero again to — ô, and a graph 
of the error is of sinusoidal form. The maximum angular error between any two 
readings is 25, and from the diagrams 6 radians =e/R. 

Therefore the maximum angular error, which will occur in this case if the 
disc is rotated between readings of 90° and 270°, will be 2e/R, where e is the 
eccentricity, and R is the radius at which the readings are taken. 

Such a divided scale can be used in an optical instrument, or as suggested, 
mounted on a mandrel and used to enable a workpiece to be rotated through a 
precise angle. 


4.62 Calibrating Circular Divided Scales and Indexing Equipment 


The simplest means of calibrating an indexing device, such as a dividing head, is 
to refer it to a precision polygon. 
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e 
Fig. 4.17. Graph of indexing errors from an indexing device having an 
eccentric mounting. 


This consists of a hardened and stabilized piece of steel whose reflecting faces 
are accurately lapped so that they are normal to equal divisions of a circle. The 
largest polygon made has 72 facets at intervals of nominally 5°. Normally a poly- 
gon having 12 sides at intervals of 30° is suitable for snost work. 

The polygon is mounted on the indexing device, and an auto-collimator is 
set up to give a reflection and reading from any face of the polygon. If the device 
IS now indexed through 30° or jt, of a circle, the reading should be repeated in 
the auto-collimator. If this is not so, then the difference between the readings is 
the error in indexings. Similarly, the difference between all readings and the first, 
are the errors in indexing through the total angle, while the errors between indi- 
Vidual indexing motions are obtained by subtraction. 

Normally a repeat reading is taken on the original facet of the polygon and 
any error in repetition is evenly distributed among the separated indexing motions. 

The table below is for a set of readings on a milling machine dividing bead 


> 


Set for simple indexing, the results being set out in graphical form in Fig. 4.17. 
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Reading | Cumulative Correct 
Error for Zero Error 
Position min sec (sec) (sec) (sec) 
0 4 53 0 0 0 
° J 4 45 - 8 + 0:25 - 7:75 
2 4 38 -15 +0:50 -14:50 
3 | 4 36 ~17 +075 - 16:25 
4 4 39 -14 + 1:00 — 13-00 
5 d4 42 -11 + 1:25 - 9-75 
6 | 4 48 - 5 +1.50 - 3:50 
7 | 4 59 + 6 + 1-75 + 7:75 
8 5 08, +15 + 2:00 + 17-00 
9 | 5 09 | + 16 + 2-25 + 18-25 
10 | 5 o| +4 +8 +2:50 +10-50 
1] 4 56 +2:75 + 575 
12 ! 4 50 + 3-00 0 
(Repeat 0) | 


EE fe Sa 


This tabulation presupposes that the polygon is perfectly accurate. None are 
absolutely accurate of course, but so long as the angular error at each face is 
known then allowance can be made for this error. 


4.63 Calibrating a Precision Polygon 


If the errors in a polygon are not known then it can be calibrated using two 
auto-collimators set up to give reflections from adjacent polygon faces as shown 
in Fig. 4.18 on p. 93. 

If R, and R, are the readings on auto-collimators 1 and 2 respectively, S is 
the angle between the normais to faces A and B, and T is the angle between the 
auto-collimators, then, 

S+R,=T+R, 


or S=7'+(R,- Rj) w (1) 
If the complete polygon is considered and all values of S, T, and (R, - Ri) 


added then, 
ZS=LT + 2(R,- Rd 


But ZS = 360° 
*, 360° = XT + 2(R, — Rj) 
Dividing through by n, the number of sides of the polygon, 
360° | ¿T ZR- R; R;) 


nh n i 
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Fig. 4.18. Arrangement of two auto-collimators set up to measure 
the errors in a precision polygon. 
Now 360°/n is the nominal angle of the al and, as T is a constant, the 
angle between the auto-collimators, then 27/n= 
-a T+ a Be R, -R) 
360 “ARR Rj) 
n 
From a complete series of sides 2(R, — R) can be established and thus 
the value of T determined. This value can be substituted back in equation (1) 
for each face and the angle of each face determined. 
The calculation is normally set out in tabular form as shown below: 


or T= 


| 

RD Error | 

Viewed min sec min sec min sec (sec) | 

0- 45 4 32-5 7 48-7 3 16:2 +2°8 

45-— 90 5 15:3 8 33-8 3 18-5 +51 | 

90-135 2 17-6 5 29-9 3 12-3 -11 j 

135-180 4 52-1 8 07:2 3 15-1 +17 | 

180-225 5 03-5 8 10-2 3 06-7 | -67 | 

225-270 4 22:9 7 41-0 3 18-1 +47 | 

270-315 ] 16:8 4 25:3 3 08-5 -59 | 

1 315- 0 4 | 189 | 7 | 307 | 3 | 118 -16 | 
ee, TEE CeO, ARTES, See IES CNEL, eR: 
Total | 25 | 472 | 
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360° _ 2(Re- Ry) R,) 
h n 
7 45° 29 47-2 
8 
= 45° -3° 13-4’ 
P S= T+(R,-R,)=45°-— 
Error = (R - R) -3 13-4” 


AE Z(Ra- R1) CR,- R,) 


Thus the polygon can be calibrated without reference to any angular 
standard, and to a surprisingly high degree of accuracy. This is of course based on 
the fact that a circle is a continuous function, i.e. whatever the values of the 
individual angles of a polygon they total exactly 360°. This then provides us with a 
natural standard of angle and the maintenance of angular working standards such 
as combination angle gauges is considerably helped by it. 

A computer program to handle this type of calculation is provided in Chapter 
11, section 11.213. 


4.7 MEASUREMENT OF SQUARENESS 


There is one particular angle which is probably more important than any other, 
i.e. 90°. Over the years its importance has been emphasized by the fact that special 
names—square, normal, and more particularly the right angle—have been 
assigned to it. 

If a lathe cross-slide does not move at 90° to the spindle axis then a flat face 
will not be produced during a facing operation. If a depth micrometer spindle is 
not square to the locating face an incorrect measurement, involving a cosine error, 
will be incurred. If the blade of a fitter’s square is not normal to the stock then 
mating parts will not fit together as they should. In fact if a right angle was 
unattainable to within a close degree of accuracy it is doubtful whether the 
achievements of modern science would have reached their present state of 
advancement. 

Fortunately an angle of 90° lends itself to accurate measurement, as in most of 
the techniques used a doubling effect is possible. An example of this has already 
been given in section 4.52 as a particular use of the Angle Dekkor. Often it is not 
enough to test a workpiece against an engineer’s square. This simply shows 
whether it is a right angle, as near as can be judged by eye, or not. More often the 
amount of error, either as an angle or as a linear measurement over a given length 
of face, is required. In any case each result can be readily converted to the other 
form. 


4.71 Contact Methods of Measuring Squareness 


Consider a block whose opposite faces are supposed to be parallel, and whose 
adjacent faces are nominally at right angles. The parallelisrn of opposite faces can 
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be readily checked by means of a micrometer or comparator depending on the 
degree of -accuracy required, and parallelism can be produced by a number of 
means, surface grinding, spot grinding, etc., again depending on the degree of 
accuracy required. 

Let us assume that the block is accurately parallel but out of square. If a 
parallel strip of known accuracy is clamped against an angle plate in some attitude 
near the vertical, then gauge blocks of differing size can be trapped between the 
block and the parallel strip as in Fig. 4.19 (a). 


PARALLEL STRIP 
GAUGE BLOCKS 


“MARKS __ 


WORKPIECE 


(a) SURFACE PLATE (b) 


Fig. 4.19. Squareness test using gauge blocks. Squareness 
error = 4(B - B,) over length L. 


The contact position of the slip gauge is noted and transferred across the 
block, which is then turned through 180° and gauge block A is now trapped at the 
top contact position. 

If the block is square a slip gauge equai in size to B should just fit at the 
lower contact position. If it does not, but a gauge block of size B, just contacts 
correctly then the difference B — B, is double the error in squareness in the work- 
piece over the length between the contact marks. 

A similar, but more convenient method, is to use a measuring instrument 
designed for this purpose incorporating a dial test indicator or small comparator 
head as shown in Fig. 4.20. 

In this case the difference in the dial gauge readings is double the squareness 
over a length of work equal to the centre distance between the fixed contact and 
the dial gauge. 


4.711 Carrection of Squareness Error 


It is of iittle value knowing the erroc ia squareness of a workpicce without 
deing able to correct it, Fortunately this is not difficult. 
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Referring again to Fig. 4.20 let us assume that the difference in dial gauge 
readings is 0-12 mm, i.e. the block is out of square by 0-06 mm over the length of 
surface of the contact tip and dial gauge centre distance. Correcting this value for 
the complete length of surface let us say that the block is out of square by 0-075 mm. 
To correct this, point A must have 0:075 mm removed from it, nothing being taken 
off D. Similarly C must be brought 0-075 mm towards D, no metal being removed 
at B. 

B 


DIAL GAUGE READING R, DIAL GAUGE READING R, 


(a) FIXED CONTACT ay 2 C 


Fig. 4.20. Dial gauge fixture for testing squareness. Squareness 
error =3(R, - Ra) over length L. 


If the block is now set up on a surface grinder, face AD uppermost, a 0:075 
mm cut can be taken across this face to within about 2-5 mm of D as shown in 
Fig. 4.21 (a). 

The block is now turned over as in 4.21 (b) and a cut taken to clean up face 
BC, which has now been corrected by the required amount and is therefore 
square with reference to AB and CD. 


STEP EQUAL TO ERROR 
IN SQUARENESS 


GRIND OFF TO CLEAN 
D dł oe A c UP SURFACE BC 
8 `D 


0:075 mm B 


oe a an ao om aa oan um D a oe oa 


: (a) (b) 


Fig. 4.21.. Method of correcting squareness. 


It now only remains to grind AD parallel to BC again for all four faces to be 
‘truc’, i.e. adjacent faces square, and opposite faces parallel. 
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4.72 Optical Methods of Checking Squareness 


A similar principle is involved in a simple fixture for use in conjunction with an 
auto-collimator or angle dekkor. As with so many simple, yet extremely effective, 
metrological devices, credit must be given to the National Physical Laboratory 
for its design. 

This squareness tester consists simply of a bar pivoted at a convenient point, 
carrying a pair of hardened and ground steel cylinders of precisely the same size. 
The bar also has mounted upon it a plane reflector, and the instrument is set up 


on a flat reference plane of a suitable degree of accuracy, usually a Grade A 
surface plane. 


The arrangement is shown in Fig. 4.22. 


HARDENED AND GROUND 
CYLINDERS 


PIVOT 


E 


NOTE: THE BASE OF THE 
SQUARENESS TESTER i 
IS OMITTED IN THIS 
DIAGRAM WHICH 
SHOWS THE PRINCIPLE 
ONLY. 


READING 1 


READING 2 
AUTO-COLLIMATOR 


PLANE REFLECTOR 


, SQUARE IN SECOND 


SQUARE IN FIRST 
à À | POSITION 
| } 


POSITION 


| H >S \ 


SURFACE PLATE 


Fig. 4.22. Squareness test using an auto-collimator. Squareness 
error = 3(R, - R3). 


A reading is taken with the auto-collinrator with the square in the first position 
Shown, The square is then moved to position 2, and the auto-collimator reading 
again noted. The angular error in squareness is half the difference in the two read- 
Ings. 

It should be noted that apart from errors in reading the auto-collimator, and 
human failings such as not properly cleaning contact surfaces, the only possibility 
of error using this method is due to cylinders of unequal diameter. This error can 

eliminated by exchanging the cylinders and repeating the process. 

The actual error in squareness is the mean of the two results. 
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It is of interest to note that all of the methods of testing squareness referred 
to in this section are fundamental and do not refer to any standard of angle. They 
depend solely on the peculiar geometric properties of this important ‘right’ angle. 
Other methods of testing are available but have purposely been ignored since, due 
to the fact that they depend on the accuracy of ancillary equipment, errors may 
be introduced. For instance in Chapter 6, dealing with machine tool metrology, 
reference is made to the pentagonal prism, or ‘optical square’ for checking 
the squareness of machine tool slideways. It should be noted that this method 
depends on the accuracy of the prism and if the angle between its reflecting faces 
is not 45° the error incurred will be double the error in the prism. 
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CHAPTER 5 


Limits and Limit Gauges 


5.1 GENERAL 


THE correct and prolonged functioning of most manufactured articles depends on 
the correct size relationships between the various components of the assembly. 
This means that the parts must fit together in a certain way, e.g. if a shaft is to 
rotate in a hole there must be enovgh clearance between the shaft and the hole 
to allow an oil film to be maintained, but not so much clearance that excessive 
radial float is allowed. Similarly if the shaft is to be held tightly in the hole there 
must be enough interference between the shaft and the hole to ensure that the forces 
of elastic compression grip tightly and do not allow movement. However, the 
interference must not be excessive or the member containing the hole may split. 

Ideally any such condition could be obtained by specifying a definite size for the 
hole and for the shaft, but this unfortunately is not possible for two very good reasons. 


(a) It is impossible to make a part to a specified definite size except by remote 
chance, 


(b) If by chance a part is made exactly to the size required, it is impossible to 
measure it accurately enough to prove it. 


If one examines B.S. 4311 dealing with gauge blocks it is found that grade 00 
gauge blocks of up to 25 mm in length are accurate to within 0-05 um, but they 
are not exact. Further, it should be noted that 

as the required degree of precision for 

ź a component increases so does its cost. 
This is not a linear relationship as it 
costs little, if any, more to make a 
COST part to within 0:25 mm of its nomina? 

size, than to make it within 0-50 mm. 
However, it costs much more to make 


ee a part to within 0-002 mm than to 
ee within 0:01 mm of nominal size. Thus 
“(ene a fo on the form of a graph of accuracy against 


TI l cost is as shown in Fig. 5.1, the curve 
P Ma hoig type of relationships being asymptotic to the cost axis, i.e. 

‘een tolerance and cost---accuracy is ex- p coms 
ae oe absolute accuracy cosis an joñnite 


amount. 
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If then a part cannot be made exactly to its nominal size how can two parts 
be made to fit together in the required manner? 

There are three possible answers to this question, each method having its 
place in industry. 


5.11, Making to Suit 


This technique simply requires one part to be made to its nominal size as accur- 
ately as is economically reasonable. The other part is then machined away a small 
amount at a time and the parts offered until they fit in the required manner. 
This method may be used for ‘one off’ jobs, toolroom work and so on, where both 
parts will be replaced at once. As such it is of little concern in this book. 


5.12 Selective Assembly 


It is sometimes found that it is not economic to manufacture parts to the required 
high degree of accuracy for their correct functioning. Instead they are made in 
an economic manner, measured to the required accuracy and graded, or sorted 
into groups each of which contains parts of the samé size‘to within close limits. 
They are then assembled with mating parts which have been similarly graded. 

A good example of this system occurs in ball-bearing manufacture. A ball 
bearing consists essentially of an inner ring, and an outer ring, separated by steel 
balls. Both types of ring and the balls are graded automatically and when assem- 
bled the following conditions can be allowed: 


(a) Large balls are assembled into small inner and larger outer rings. 


(b) Medium balls are assembled into medium inner and outer rings, large 
inner and outer rings, or small inner and outer rings. 


(c) Small balls are assembled into large inner and small outer rings. 


Usually a selective assembly system is used where the assembly is replaced 
as a unit rather than replacing separate parts. For example, if a ball cracks in a 
bearing the whole bearing is replaced, not just one ball. 


5.13 Systems of Limits and Fits 


Repetitive production of components and assemblies is based almost entirely on 
interchangeable manufacture. Again considering shafts and holes, the component 
sizes are specified and the allowable deviations from these sizes are stated, the 
allowable deviations being such that any shaft will mate with any hole and function 
correctly for the designed life of the assembly. 

There are three basic types of fit obtainable using this method. These are: 
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(a) Interference fit. The minimum permitted diameter of the shaft is larger 
than the maximum allowable diameter of the hole. 


(b) Transition fit. The diameter of the largest allowable hole is greater than 
that of the smallest shaft, but the smallest hole is smaller than the largest 
shaft. 


(c) Clearance fit. The largest permitted shaft diameter is smaller than the 
diameter of the smallest hole. 


These conditions are shown in Fig. 5.2. 


TOLERANCE ON TOLERANCE ON 
HOLE SHAFT 


["r INTERFERENCE 


wine eet ON EaS) OEG BOSEN 
aaa 


MAX. 
INTERFERENCE 


MAX. HOLE SIZE 

MIN. HOLE: SIZE 
MIN. SHAFT SIZE 
MAX. SHAFT SIZE 


HOLE 
(a) INTERFERENCE FIT 


CLEARANCE OR 


INTERFERENCE MIN. CLEARANCE 


MAX. CLEARANCE 


ESR EES 


(b) TRANSITION FIT (c) CLEARANCE FIT 
Fig. 5.2, Possible size relationships between a hole and a shaft. 


The diagram in Fig. 5.2 also illustrates the terms used in this type of work 
definitions of these terms being as follows: 
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(a) Limits of size. These are the maximum and minimum sizes allowed on a 
given component. 


(b) Tolerance is the maximum size variation which will be tolerated on a given 
component. 


(c) Allowance is the size difference between the limiting conditions of size 
e on the two components. It should be noted that a positive allowance 
produces a clearance fit, and a negative allowance produces interference. 


A given manufacturing organization will require a number of different types 
of fit, ranging from tight drive fits requiring shrinkage or hydraulic pressure for 
assembly, through keying fits for locations which can be assembled with light 
mechanical pressure, to running fits and clearance fits. Such a series of fits can be 
obtained using two distinct policies or basic methods. 


(a) Hole basis system. For a given nominal size the limits on the hole are 
kept constant and a Series of fits are obtained by varying the limits on 
the shafts. 

Thus assuming a hole of dimension 25 mm +0:02 mm 
— 0-000 mm, a shaft of 


(i) 25 mm +0-08 mm diameter gives an interference fit; 
+ 0-04 mm . 


(ii) 25 mm +0-02 mm diameter gives a transition fit; 
— 0:000 mm 


(111) 25 mm - 0:02 mm diameter gives a clearance fit; 
-0-05 mm 


and all of these fits are obtained with a common diameter hole. 


(b) Shaft basis system. In the same way a series of fits can be arranged for a 
given nominal size using a standard shaft and varying the limits on the 
holes. 

For most work a hole basis system is used because a great many 
holes are produced by standard tooling, e.g. reamers, drills, etc., whose 
size is not adjustable. Thus for a nominal 25 mm size a 25 mm reamer is 
used to produce a standard hole, the shaft sizes being more readily variable 
about the nominal size by machine adjustments, e.g. roller box, centreless 
grinder, etc. 


It must be realized that a single class of hole accuracy is not normally suffici- 
ent to meet the requirements of all classes of work. There is no point in reaming a 
hole just to utilize one set of limits when the accuracy of a drilled hole will do. 
Thus a given system would have possibly four classes of hole, the tolerances on 
which allow for four different production methods. It might also require, say, 


nine different classes of shafts to give nine different types of fit when associated 
with a given class of hole. 
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Further it must be realized that larger sizes require greater tolerances, and 
consideration must be given to this. A working system of limits and fits is therefore 
fairly complex if a manufacturing organization is setting one up from first princi- 
ples. Fortunately there are standard systems already available. 


5.131 The Newall System of Limits and Fits 


This system is very popular because of its simplicity. It is a hole basis system 
providing two classes of holes for different degrees of precision of production. 
Limits are also given for six classes of shaft; two interference, one transition, and 
three running fits. These limits are specified for a wide range of sizes of work, the 
whole system being set out in the form of a table which makes it very convenient 
to use. 


5.132 The British Standard System (B.S. 4500: 1969) 


B.S. 4500: 1969 is a comprehensive system designed to cater for all classes 
of work from instruments and gauges to large heavy engineering. At first it appears 
to be an extremely complex system until it is realized that no one organization 
should attempt to use all of it. Instead a company selects from within the standard 
system a ‘sub-system’ to suit its own requirements and manufacturing techniques. 

The system provides 28 types of hole designated by a capital letter A, B, C, D, 
..., etc. and 28 types of shaft designated by a lower case letter, a, b, c, d, ..., etc. 
These letters define the position of the tolerance zone relative to the nominal size. 


For instance, all class H holes have limits of = Similarly class h shafts have 


limits of ae and so on. 


To each of these types of hole or shaft may be applied 18 grades of tolerance 
designated by numbers, so that a hole may be designated H7, a shaft j4, and a fit 
between the two is specified H7/j4. 

Thus an organization requiring a hole basis system would select from B.S. 4500 
a Series of grades of hole all of one type to suit its work. Then a series of shafts to 
give the required number and types of fit would be selected. A typical hole basis 
System would be: 


Holes: H4 H7 H9 Hil 

Shafts: u6, s6, po m6, k6 h7, g6, f7, e7 (used in 
Ce rs Ree ee =- association 
Interference Transition Clearance with H7 hoie). 


The requirements of many organizations can be covered by a very smali 
range of fits and to meet these requirements the British Standards Institution 
Publishes data sheets 4500A and 4500B, being selected fits of hole basis and 
shaft basis tespectively; each provides for six clearance fits, three transition fits 
and four interference fits. 
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5.2 LIMIT GAUGES 


Adoption of a system of limits and fits logically leads to the use of limit gauges, 
with which no attempt is made to determine the size of a workpiece —they are 
simply used to find whether the component is within the specified limits of size or 
not. The simplest form of limit gauges are those used for inspecting holes or 
shafts. 

Consider first a hole on which the limits on diameter are specified. It would 
appear that quite simply the ‘Go’ gauge is a cylinder whose diameter is equal to the 
minimum hole size, and that the ‘NOT GO` gauge is a similar cylinder equal in 
diameter to the maximum hole size. Unfortunately it is not as simple as this, for 
the same reason that limits of size are required for the work; nothing can be made 
to an exact size and this includes gauges. Thus the gauge maker requires a 
tolerance to which he may work, and the positioning of this gauge tolerance 
relative to the nominal gauge size requires a policy decision. For instance, if the 
gauge tolerance increases the size of a ‘GO’ plug gauge, and decreases the size of 
the ‘NOT GO’ end, the gauge will.tend to reject good work which is near the upper 
or lower size limits. 

Similarly if the gauge tolerance increases the size of the ‘NOT GO’ plug gauge 
and decreases the Size of the ‘Go’ end then the gauge will tend to accept work 
which is just outside the specified limits. 

It follows that a number of questions must be answered in designing a simple 
limit gauge: 


(a) What magnitude of tolerance shall be applied to the gauge? 

(b) How shall the tolerance zones for the gauge be disposed relative to the 
tolerance zones for the work? 

(c) What allowance shall be made for the gauge to wear? 


These considerations are all dealt with in B.S. 969: 1982 — Inspection of Plain 
Workpieces. 


5.21 Gauge Tolerances 


It is a general rule in measurement that the precision of the measuring equipment 
should be at least ten times as good as that of the workpiece to be measured. Thus 
if a workpiece has a tolerance of 0-08 mm the measuring equipment should be 
capable of detecting differences of 0-008 mm or less. While it is true of gauging 
that the gauge tolerance must be less than the work tolerance, B.S. 969: 1982 
recognizes that a hard and fast rule cannot be applied to limit gauges. 

If a workpiece has a tolerance of 0-01 mm then a gauge tolerance of 0-001 mm 
applied to each gauge could leave a work tolerance of only 0-008 mm, which is 
very tight for any production operation and too tight to be inspected using limit 
gauges. 
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Similarly, if a workpiece has a tolerance of 1-5 mm, then the gauge tolerance 
would be 0-15 mm on each gauge, which is much larger than is necessary, even 
considering the economics of gauge manufacture. 

The gauge tolerances in B.S. 969: 1982 are therefore arranged to be a 
reducing percentage of the work tolerance as the work tolerance increases. They 
are set out in a table below, along with the wear allowances. This table is a 
modified form of that in B.S. 969: 1982 and, for interest, the gauge tolerance is 
also shown expressed as a percentage of the mean work tolerance. 


Tolerance 
(mm) 


Gauge Tolerance as 
% Work Tolerance 


5.22 Disposition of Gauge Tolerances 


Having determined the magnitude of the gauge tolerance it must now be 
positioned relative to the work limits in such a manner that the gauge does not 
tend to accept defective work. In order to achieve this the gauge tolerance on both 
the ‘Go’ and ‘NOT GO’ gauges must be within the tolerance zone of the work. The 
tolerance on the ‘Go’ gauge is set in from the maximum material limit by an 
amount equal to the wear allowance. 

The tolerance on the ‘NOT GO’ gauge is set within the tolerance zone of the 
work, there being no wear allowance. = 

These relationships between gauge tolerances and the work tolerance are 
Shown in Figs. 5.3 and 5.4. 


5.23 Wear Allowance 


An allowance for wear is normally applied only to the ‘Go’ gauge. A ‘NOT GO’ 
gauge should rarely be fully engaged with the work and should therefore suffer 
little wear. The allowance for wear on new ‘GO’ gauges is therefore made by 
Setting the tolerance zone for the gauge in from the maximum material limit for 
the work by an amount equal to the wear allowance. A new gauge is then made to 
within the limits specified by the tolerance zone for the gauge in this position. 

- If the gauge then wears with use it can be allowed to wear until its size 
coincides with the maximum material limit for the work. 
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Fig. 5.3. Disposition of tolerances for plain plug gauges. 


v 


Given these conditions, and by reference to Figs. 5.3 and 5.4, the design 
limits for a limit gauge can be determined as follows, the gauges required being for 
a shaft specified as ọ 45-000 h10. 


(a) Find the limits of size for the shaft. 
From B.S. 4500 Part 1 tolerance grade 10 for a 45 mm diameter is 0-100 
mm. ‘ 


For type h shafts the limits are ean mm or: 


Shaft limits = 45-000/44-900 mm 
(b) Refer to the table of limits and allowances in B.S. 969: 1982 or see the 


table on page 105 of this work. 
For a work tolerance of 0-100 mm: 


Gauge tolerance = 0-004 mm 
Wear allowance = 0-004 mm 
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Fig. 5.4. Disposition of tolerances on plain gap and ring gauges. 


(c) Apply this information, relating gauge limits to work limits. 


Max. size of ‘GO’ gap gauge = 45-000 — wear allowance 
= 44-996 mm 
Min. size of ‘GO’ gap gauge = 44-996 — gauge tolerance 
= 44-992 mm 
Min. size of ‘NOT GO’ gauge = minimum material limit of work 
= 44-900 mm 
Max. size of ‘NOT GO’ gauge = 44-900 + gauge tolerance 
= 44-904 mm 


It must be emphasized that these are the limits to which a new gauge must be 
made. When the gauge is in use it must be checked regularly and if wear is 
detected on the ‘Go’ gauge then it can still be used as long as its size does not 
exceed 45-000 mm, this being the maximum allowable size of the shaft. 
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53 TAYLOR’S THEORY OF GAUGING 


This theory is the key to the design of limit gauges, and defines the function, and 
hence the form, of most limit gauges. It states: 


‘The “Go” gauge checks the maximum metal condition and should check 
as many dimensions as possible. 
* ‘The “NOT GO” gauge checks the minimum metal condition and should 
only check one dimension.’ 


Thus a separate ‘NOT Go’ gauge is required for each individual dimension. 
Consider a system of limit gauges for a rectangular hole, as shown in Fig. 5.5. 


MAXIMUM METAL 
CONDITION 
| 


MINIMUM 


BREADTH MAXIMUM 


BREADTH 


| MINIMUM LENGTH 


‘MINIMUM METAL CONDITION a 
| MAXIMUM LENGTH | 


Fig. 5.5. Tolerance zone on a rectangular hole. 


The ‘Go’ gauge is used to ensure that the maximum metal condition is not 
exceeded and that metal does not encroach into the minimum allowable hole 
space. It should therefore be made to the maximum allowable metal condition 
dimensions, due allowance being made for wear and the gauge tolerance as in 
section 5.2. 

Now consider the ‘NoT Go’ gauge. If this was made to gauge both dimensions 
of the minimum metal conditions (maximum hole size) a condition would arise 
where the breadth of the hole is within the specified limits, but the length 1s over- 
size, as in Fig. 5.6. 

Such a gauge will not enter the hole and therefore the work is accepted 
although the length is outside the specified limits. 

Had separate ‘NOT Go’ gauges been: used for the two dimensions the breadth 
gauge would have accepted the work but it would have been rejected by the 
separate length gauge. 
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LOWER LIMIT OF HOLE ‘NOT GO GAUGE 
(MAXIMUM METAL CONDITION) OF FULL FORM 
(INCORRECT) 


BREADTH 
OF HOLE 


T 


Fig. 5.6. Rectangular hole oversize in one direction. 
A full-form ‘NoT GO’ gauge will not reject such a hole. 


| UPPER LIMIT OF LENGTH | 


ACTUAL LENGTH OF HOLE OVERSIZE 


This principle should be applied to all systems. of limit gauges, and where 
possible this is done. In the simplest case of a ‘GO-NOT Go’ plug gauge it would 
not appear to be so, but to a large extent it is. The ‘NOT GO’ gauge is always 


Fig. 5.7.. Length of ‘co’ plug gauge prevents 
it entering a non-straight hole. 


relatively short, and approximately equal in length to the hole diameter. The ‘Go’ 
gauge should where possible be equal in length to about three or four diameters. 
In addition to more readily distinguishing between ‘NOT GO’ and ‘Go’ ends of the 
gauges, the length of the ‘GO’ gauge ensures that the maximum metal condition is 
not exceeded due to geometric errors in the work, e.g. straightness as shown in 
Fig. 5.7. 

A similar situation occurs when gauging shafts. Ideally a full form ‘Go’ 
gauge, i.e. a ring gauge of reasonable length in relation to its diameter, should 
be used, in conjunction with a ‘NOT Go’ gap gauge. In practice both ‘co’ and 
‘NOT GO’ gap gauges are frequently used, but it is advisable to supplement these 
with a ‘Go’ ring gauge, to be used at frequent intervals. This is particularly true 


in the case of centreless ground work which is liable to a condition known as 
lobing, 
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The simplest lobed condition has three lobes and is based on an equilateral 
t-iangle as shown in Fig. 5.8, but it may occur with any odd number of lobes. 

From each corner of the triangle let radii of r and R be struck, the large 
radii blending with the small radii struck from the other two angles. 


THREE-LOBED 


R+re IS THE 

DIMENSION 

OVER ANVILS 
WHICH WILL 
JUST SPAN 

THE LOBED 
FIGURE 


D IS THE SMALLEST DIAMETER 
HOLE WHICH THE LOBED 
FIGURE WILL ENTER 


Fig. 5.8. Effect of lobing on cylindrical work. 


The dimension of any such configuration, if measured between a pair of 
paraliel planes, will be (R+r), but the smallest hole that such a form will enter 
will be much larger as shown by the outer circle. Therefore a gap gauge will accept 
such work and a diametral measurement with a micrometer will confirm that the 
work ‘diameter’ is apparently within limits. However, a ‘Go’ ring gauge will 
rightly reject the workpiece. That such a condition is present can be confirmed by 
setting the component in a vee block and rotating it under a dial gauge or com- 
parator. 


5.31 Te-bo Gauges 


These are a particular type of plug gauge manufactured by the S.K.F. Ball Bearing 
Co. Ltd., in Sweden. They are mainly concerned with larger diameters than are 
gauged by normal plug gauges, and are ground to a spherical diameter equal to 
the ‘Go’ limit on the work, due allowance being made for the gaugemaker’s 
tolerance and wear allowance.’ 

Asmall circular area of the gauge is raised, byelectro-plating, an amount equal 
to the work tolerance. Such a gauge is shown in Fig. 5.9. 

Jt is inserted into the hole by tilting the gauge forward so that tue high portion 
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‘lears the metal. This checks the low limit of size. The gauge is then rocked back 
antil the high point prevents further movement and thus the maximum diameter 
is tested. If the raised portion passes through the hole then the work is rejected as 
the hole is oversize. 


Ow’ = 


Fig. 5.9. Te-bo-type plug gauge. 
(Courtesy of the S.K.F. Ball Bearing Co. Ltd.) 


It is of interest to note that the ‘NOT Go’ gauge conforms to Taylor’s principle, 
and only gauges one diameter at a time, i.e. it can check ovality. However, the 
‘GO’ gauge, unlike a normal plug gauge, cannot reject a hole whose diameter is 
within the allowance limits, but whose lack of straightness causes the maximum 
metal condition to be exceeded. 


54 SCREW THREADS 


The allowable errors in commercial screw threads are quoted in diameter only, 
1.e. for a thread of a given pitch and form, tolerances on pitch and flank angle are 
not given, but are included in the tolerance allowed on effective diameter. Briefly 
the reason for this is that errors in pitch and flank angle bring a about a virtua 
increase in the effective diameter as noted in Chapter 8. Similar errors on an 
internal thread bring about a virtual decrease in effective diameter. 

The effect of these errors is more fully dealt with in Chapter 8, dealing with 
Screw thread measurements, but the fact that a pitch error, or a flank angle error, 
Can cause an apparent change in eflective diameter is most irnportant in any con- 
Sideration of the design of screw limit gauge, and calls for the application of 
Taylor's principle 
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5.41 Limit Gauges for Screw Threads 


Consider first a “GO-NOT GO’ type screw gap gauge in which both ‘Go’ and ‘NoT Go’ 
gauges are made to the full form of the thread, and both of which engage the full 
length of the thread. It must be emphasized here that such a gauge is incorrectly 
designed, but a consideration of its faults will lead to an explanation of how these 
faults can be corrected by correctly designing the gauges. 

If such a gauge is to be used for inspecting work threaded by means of a self- 
opening die head, as it frequently is, it will also be of assistance to the machine 
setter in the initial setting of the die head. Consider in this case that the die head 
iS causing a pitch error. 

If the diameter is correct the work will not enter the ‘Go’ gauge because of the 
pitch error, although it appears that the diameter is too large. The die head would 
then be adjusted to reduce the thread diameter until it enters the ‘Go’ gauge, but 
not the ‘NOT GO’ gauge. The work thus appears correct, not because the diameter 
is correct, it is in fact undersize, but because of the diametral compensation by the 
pitch error. 

This is an outstanding example of gauges not conforming to Taylor’s principle. 
If they are redesigned according to this principle, the gauges required would be 
as follows: 


(a) ‘Go’ gauge—Full form and full length of thread to the maximum diameter 
of the thread. 


(b) ‘NOT GO’ gauges—(i) A gauge for the major diameter. 
(ii) A separate gauge for the effective diameter and one which is not 
influenced by pitch errors. 


Ideally the ‘Go’ gauge should be a full form ring gauge, but these are cumber- 
some in use, and in practice a full form gap gauge is used, a ring gauge being kept 
for the periodic checks. The plain ‘NOT Go’ gap gauge is often omitted so that a 
simple ‘GO-NOT GO’ screw gap gauge can be used. 

To prevent the ‘NOT Go’ gauge being influenced by pitch errors, it gauges on a 
short Jength of thread only, and checks effective diameter only, by being cut away 
at its crests and roots. Thus the anvils of a ‘NOT GO’ screw gap gauge appear as 
shown in Fig. 5.10. 

Consider now the workpiece having a pitch error, being gauged by a gap gauge 
having anvils of this type. The diameter is reduced until the thread passes the ‘Go’ 
gauge. When offered to the ‘Nor Go’ anvils it enters‘and passes them because the 
diameter is undersize, and the gauged length of thread is not long enough for the 
pitch error to be seriously effective. 

Similarly, for gauging internal threads, an ideal set of plug gauges would 
consist of 


(a) ‘co’ gauge—Full form and full length of thread. 
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(b) ‘NOT GO’ gauge—Cleared at its crest 
and roots and being only two or three 
threads in length. 


(c) ‘NOT GO’ gauge—Plain plug ‘NOT Go’ 
gauge for the minor diameter. 


CLEARED . i ; s 
AT CREST In practice the ‘Nor Go’ thread gauge is 


AND ROOT frequently omitted, leaving a simple double- 
ended plug gauge, and the ‘co’ end being the 
full form, full length of thread gauge, and the 
‘NOT Go’ end being a plain plug gauge to ensure 
that the minor diameter is not undersize. 


5.411 Gauge Tolerances for Thread Limit 
Gauges 


Fig. 5.10. Form of anvils on a The allowable errors on a limit gauge for a 

BOOS Ev eave screw thread are tabulated and explained in 
B.S. 919 Parts 1, 2 and 3; part 3 dealing with gauges for ISO metric threads. It is 
this part of B.S. 919 which will be considered here. The tolerances for pitch and 
flank angles are given direct as linear and angular tolerances, unlike past standards 
where these tolerances were expressed as allowable changes in the effective diameter 
of the gauge produced by them. It is interesting to note that the tolerances on flank 
angles increase as the pitch decreases, the short flanks of fine pitch threads being 
much more difficult to control in manufacture and to measure than the longer 
flanks of coarse pitch threads. 

It must also be noted that the limits for the diameters of the gauges are 
tabulated against the tolerance on the effective diameter of the product thread it is 
to gauge. Thus in order to determine the specification for the gauge the procedure 
is as follows: 


(a) From B.S. 3643 find the limits on the major, minor and effective (pitch) 
diameter of the thread to be gauged. 

(b) From B.S. 919 find the tolerances or allowable errors on the pitch and 
flank angles of the gauge. 

(c) Knowing the tolerance on the effective diameter of the product thread 
(see (a) above) find, from B.S. 919 the limits on the major, minor and 
effective diameters for the gauge. 

(d) Knowing the basic gauge sizes (see (a) above) apply the gauge limits to 
these basic sizes to determine the limiting values for each of the gauge 
diameters. 

Considerable care is necessary in reading the tables in B.S. 919 as each table 
Caters for different features of a number of different types of screw thread gauges. 
Problems may also be caused in finding the limits for the minor diameter of a screw 
Plug gauge. Reference to the diagrams in B.S. 919 reveals the way in which the 
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roots of such gauges may be cleared and the size found is the maximum size, no 
tolerance being given. 


5.42 Reference Gauges for Screw Threads 


B.S. 919 also defines tolerance zones, and their magnitude for highly accurate 
reference screw plug gauges used for setting and testing screw gap gauges, and 
smail screw ring gauges. A screw ring gauge for a very small diameter thread is 
almost impossible to measure to determine the accuracy of its individual elements. 
It is therefore checked by using limit plug gauges whose size is accurately made to 
the high and low limits of the ring gauge itself. 

Similar gauges are used to inspect and set screw gap gauges, which are almost 
impossible to measure by contact methods. 


5.5 TAPER LIMIT GAUGES 


It is an anomaly that, as far as production inspection is concerned, taper limit 
gauges do not check the angle of taper of the work. The main purpose of such 
gauges is to ensure that the diameter at a particular point on ihe taper is within 
the specified limits. This is achieved by grinding a step in one end of the gauge so 
that the diameters at the top and bottom of the step are the limits on the diameter 
of the taper, and the thumbnail 1s passed over the gauge to determine by feel 
that the correct relationship exists between the work and the gauge as shown in 
Fig. 5.11. 

Similarly a taper plug gauge is stepped at the large end. 

It is unfortunate that the step on a taper ring gauge is always on the small 
diameter, and on a taper plug gauge it is usually on the large diameter, since the 
simplest diameter to determine is the large diameter of a taper ring gauge and the 
small diameter of a taper plug gauge. These measurements are fully explained in 
Chapter 4. However, this means that during the manufacture of such a gauge it is 
not possible to measure the required sizes directly. 


Ca 
S] Sa 


(a) DIAMETER WITHIN LIMITS (b) DIAMETER TOO LARGE 


Fig. 5.11. Method of using a taper limit gauge. 
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Consider a taper plug gauge. If the 
diameter D is determined, the diameters 
Di, and Dmax are functions of the height of 
gauge and the angle of taper. 


It is shown in Chapter 4 that 


Dmx = D+2H tan 


0 
and D min = D+2(H - S) tan 5 


Further, the angle of the work to be 
gauged will have a tolerance, and so will the 
gauge. If the angular tolerance on the work 
is say, +5 sec, the tolerance on the gauge 
should be of the order of 1 sec (i.e. 10% of 
the work tolerance), or +} sec. 

If D is correct, then over a height H, 
this angular gauge tolerance will make a sig- 

Fig. 5.12. Taper plug gauge. nificant difference to the diameters D,,,, and 

D mine 

It is suggested that the following method of manufacturing these gauges may 

be used. 


(a) Make the gauge overlength and to an angle as close as possible to the 
nominal work angle. 


(b) Remove the gauge from the machine and accurately determine diameter 
D and the angle 6/2. 


(c) Calculate the height H which, based on the above measurements, will 
give the correct diameter Dmax- Similarly calculate the height of the step 5 
which will give the correct diameter D min- 


(d) Grind the length to the correct values of H and S to the required degree 
of accuracy for D,,,, and D min 


A similar procedure may be used to produce taper ring gauges to the required 
degree of accuracy. 

To use taper gauges to check the accuracy of angle of the workpiece a line 
along the gauge should be smeared lightly with a marking agent such as prussian 
blue or rouge. The gauge is placed in position on the taper and rotated slightly. 
The registration, a transfer of the marking agent on to the work, gives a subjective 
Indication of the angular accuracy of the work. This, however, will not give a 
Measurement of the angular error and the effort would probably be better spent 
in ensuring that the machine alignments necessary to produce the taper are 
Correct: this technique is obviously not suitable for a production check and can 
Only be used for setting purposes and as a spot check during production. 
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5.6 HOLE DEPTH GAUGES 
STEP HEIGHT EQUAL TO 

Limit gauges for inspecting the depth of TOLERANCE ON THE DEPTH 
holes are also ‘thumbnail gauges’. The L DE INE MOLE ] 
gauge is normally cylindrical and is 4-—-—- 
made*®a close sliding fit in a sleeve, to 
enable it to be removed from the hole, 
and to give sharp edges against which 
the step can be felt. 

Such a gauge is shown in Fig. 5.13. 
It must be remembered that not only 
are tolerances required on the length of 
the gauge and the step, but also on the 
thickness of the sleeve. If the tolerance 
on the depth of the hole is relatively 
small then these parts must be made to 
a high degree of accuracy if the work 
tolerance is to be maintained. 


Fig. 5.13. Hole depth gauge. 


5.7 GAUGING OF LARGE DIAMETERS 


The gauges used for determining the diameter of large workpieces are not, strictly 
speaking, limit gauges although they may be used as such. 


5.71 Gauging Large Bores 


The gauge used for this purpose is a ‘pin’ gauge whose length has been accurately 
determined using a length bar measuring machine (see Chapter 3). 

The length of the pin gauge should be smaller than the diameter of the bore 
to be gauged. It is inserted in the bore, and the amount of rock about point A 
measured with a flexible steel rule or tape; see Fig. 5.14. 

From Fig. 5.14 it is seen that D =L + ô, and also if the angle of rock is small: 


As the angle in a semicircle is a right angle it can be seen that 


3 
18+(5) =(L+8)? 


2 
LPL 4208 +8? 
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PIN GAUGE 
OF LENGTH L 


(Fo) 
+, 
a | 
“n 
a 
uJ 
— 
uJ 
= 
a 
(a) 


Fig. 5.14. Measurement of large bores. 


The L? terms cancel and if the amount of rock is small ô is small, and ô? can 
be ignored. 
W2 


oe a 729 


where L is the length of the pin gauge and W is the amount of rock 


and as D=L +ô 


2 
then D=L+ ee 
8L 


or W=4/(D - L)8L 


If the limiting values of D, and the known length Z are inserted into this 
expression, then the limits allowed on the amount of rock may be derived from 
this final expression. 

The accuracy which can be achieved by this method is of a much higher degree 
than can be obtained using an instrument such as a vernier calliper to make the 
measurement direct. Consider a gauge of 400 mm length exhibiting 50 mm rock. 

Then 
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= 400 +0:78 mm 


The measurement of W is normally accurate to +1 mm and if a 1 mm error 
is assumed in W, then 


(51)? 
D =400 toy 400 
2601 
8 x 400 
Thus an induced error of 1 mm in the amount of rock produces an error of 


+0-03 mm in the diameter measurement, and on a diameter of 400 mm this would 
be difficult to improve upon with simple direct measuring equipment. 


=400 + =400 +081 mm 


5.72 Measuring of Large External Radii 
To carry out these measurements an angle piece may be made up, the included 


angle between whose faces is accurately known. This may be fitted with a micro- 
meter as shown in Fig. 5.15 or used in conjunction with a stepped setting block, 


Z 
DEPTH 
MICROMETER 
<a 


i 7 

C] 
DATUM -~< No) H 

BE [ 

D 

B - ~~ 
AR 
90-0 | 


Fig. 5.15. Measurement of large external radii. 
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the height of the step being related to the limits of the radius under test. It is of 
interest that this type of equipment determines the radius of the workpiece, not 
its diameter, and can thus be used to determine the radius of a segment of a circle 
as in Fig. 5.15. 

If 8 is the semi-angle between the faces of the angle gauge, then, from 
Fig. 5.15, 


cos (90 - 0) -25 in which AB =R 
R AC=R+H 
.'. COS (90 = = 2H 


(R+ H) cos (90-6)=R 
H cos (90 - 0) =R - R cos (90 - 6) 
= R[1 -cos (90 — 0)] 
_ H cos (90 - 8) 
~ [1 -cos (90 - 6)] 


In this expression for R the term cos (90 - 0) is a constant for a given gauge. 


HK 
*TER) 
and referring to Fig. 5.15 it is seen that 

H=h+ K, 

_ (h+K)K 
SAK 

K 
=(h+ K) 1 K 


in which K=cos (90 - 8) 
0 =semi-angle of gauge 
K,=distance from intersection of gauging faces to datum 
H =height from radius to datum face 


2 


K l me 
The values of K, and yg e constant for a given gauge, and it is useful to have 
them stamped on the gauge as numerical values to avoid confusion. 


If the expression for R is transposed to give h we get 
RU -K) 
} =: 
mK 


Ri 


and if in this expression the limiting values of R are used then the values of A 
obtained are the thicknesses of a stepped feeler gauge to use with the gauging 
unit, or alternatively (he micrometer readings at the limits of R, assuming the 
micrometer reads zero at. the datum. 

l Another alternative is to mount a dial gauge in place of the micrometer, and 
fit limit fingers to the dial gauge at the limiting readings of M. 
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It should also be noted that since this method reveals the error in the radius 
of the workpiece, it is doubled to give the error in the diameter of the work. It is 
thus a sensitive method of detecting errors in relatively large diameter workpicces. 


5.8, MATERIALS FOR GAUGES 


If a material is to be used successfully for gauge manufacture, it must fulfil certain 
requirements, cither by virtue of its own properties, or by having these properties 
conferred upon it by manufacturing or a heat treatment process. 

These requirements are: 


(a) Hardness. To resist wear. 
(b) Stability. Its size and shape must not change over a period of time. 
(c) Corrosion resistance. 


(d) Machineability. It must be easily machined into the required shape and 
to the required degree of accuracy and surface finish. 


(e) Low coefficient of linear expansion. A limit gauge is often subject to a 
considerable amount of handling compared with the workpiece. For this 
reason it is desirable to have a low expansion coefficient but it should be 
noted that parts of the gauge which are to be held in the hand should 
have low thermal conductivity. It is recommended, for example, that plug 
gauges consist of steel gauging units held by tapers in ebonite or other 
plastic handles. 


It is perhaps fortunate that a suitable material for gauge manufacture is a 
relatively inexpensive good quality high carbon steel. Suitable heat treatment can 
produce a high degree of hardness coupled with stability, and at the same time 
it can be readily machined and brought to a high degree of surface finish. 


5.81 Heat Treatment of Limit Gauges 


A high carbon steel is fully hardened by heating to 730° and quenching in water. 
This will give a hardness of approximately 64 on the Rockwell ‘C’ scale, but it 
will also make the steel extremely brittle. It is necessary to temper the gauge to 
reduce the brittleness, but not to make it so soft as to reduce its wear resistance. 
At the same time the tempering treatment can be used to stabilize the material 
and relieve any internal stresses which may distort it over a pcriod of time. 

A tempering temperature of 200°C will reduce the brittleness so that the 
gauge is not likely to chip and the hardness value will be Rockwell ‘C’ 58. If this 
temperature of 200°C is maintained over a period of 8 to 10 hours it will also 
make the gauge extremely stable. 

Screw thread gauges are particularly fragile and prone to damage if roughly 
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handled, and these gauges should be ‘let down’ further at a temperature of 240°C 
to give a Rockwell hardness of ‘C’ 52. 


5.82 Other Materials for Limit Gauges 


If a large piece of high carbon steel is water-quenched it will probably crack. 
If it is oil-quenched it will not attain a high enough degree of hardness to resist 
wear. Large gauges should therefore be made of an oil-hardening tool steel, 
usually of a nickel-chrome alloy. 

Where expansion due to temperature is of particular importance as in the use 
of long precision gauges a material called Jnvar, an alloy containing 36% nickel, 
may be used. Invar has an expansion coefficient of less than 1 x 10-® per °C 
but is unstable over a long period. It has been found that a 42% nickel alloy, 
known as Elinvar, is much more stable and has an expansion coefficient of 8 x 10-8 
per °C which is still remarkably small. 

Frequently a low carbon stee! is used for gauge manufacture and is hardened 
by case-hardening. However, the hardening process is relatively expensive as it 
consists of carburizing, core-refining, case-hardening, and tempering. Such a gauge 
will probably be wholly satisfactory and the choice between high carbon steel, 
hardened right through, and a case-hardened low carbon steel is largely dictated 
by personal taste, material availability and economics. 

Direct electro-plating of chromium on to steel has been developed, not for 
decorative purposes, but because chromium is extremely hard and wear resistant. 
This process is useful for reclaiming worn gauges, which are machined slightly 
undersize to correct any form errors which may have developed. They are then 
plated slightly oversize and ground or lapped to size. 

During the war when good quality steels were required for other purposes, a 
number of glass gauges were used, particularly in the United States of America. 
It was claimed that they did not burr if dropped, but gave a clean chip and could 
still be used, or broke altogether. They could be stabilized and given a high surface 
finish. A peculiar advantage claimed was that they did not obscure the work and 
that visual inspection could be carried out in some cases while gauging was in 
progress. The Corning Glass Works, of Corning, N.Y. have reported a much 
longer life for glass compared with steel gauges, when used for gauging gun 
barrels. 


5.9 SURFACE FINISH FOR GAUGES 


Much can be done to reduce the initial wear rate of a gauge if its surface finish is 
good. A poor finish with a small number of high peaks is prone to more rapid wear 
than a finish having a large number of very small peaks, giving a Jarge contact 
area. Thus a gauge should be finished by high quality grinding or lapping to give 
a C.L.A. value of not more than 0:10 pm. 
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Machine Tool Metrology 


a 


6.1 THE NEED FOR MACHINE TOOL METROLOGY 


IN previous chapters we have been concerned with the foundations of metrology, 
and with the measurement of gauges. It will be clear that the term ‘inaccuracy’ 
signifies not only the suitability or otherwise of the dimensions of a gauge, but 
that it must also be interpreted to embrace such characteristics as quality of surface 
finish, and geometry. That a gauge may combine all these characteristics in suitable 
degree, is due to the skill of the gaugemaker and to the inherent quality and 
accuracy of the machine tools at his disposal. 

A similar set of conditions applies to the production of components, except 
that a lower order of skill may be required and a higher rate of production achieved. 
To an increasing degree components are required to be of such accuracy that they 
may be assembled on a non-selective basis, the finished assemblies conforming to 
very stringent functional requirements. That this may be done economically is 
due in large part to the accuracy of the machine tools used in the production of 
the component parts. 

The continuously increasing demands for highly accurately machined com- 
ponents has led to considerable research in machine tool design, and particularly 
towards means by which the geometric accuracy of machines may be improved and 
maintained. There has, therefore grown up a distinct field of metrology concerned 
primarily with the geometric tests of the alignment accuracy of machine tools 
under static conditions. An extension of this field, and a developing one at the 
present time, is the determination of the alignment accuracy of machine tools: 
under dynamic loading conditions. This is a logical development, since both the 
designer and the user of machines are ultimately concerned with the behaviour and 
characteristics of a machine when under normal operating conditions. 

This chapter will be confined to the static testing of alignments, in which 
well-established measuring methods are used. Dynamic tests are at the present 
time the subject of much research, and the reader is advised to refer to research 
papers on the subject for further information. 


t 
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6.2 ALIGNMENT TESTS 


The tests applied to machine tools, regardless of type, fall into well defined groups 
which may be summarized as follows: 


(a) The level of installation of the machine in the horizontal and vertical 
planes. 


(b) The main spindle is tested for axial movement and in the running truth of 
its axis. 
(c) The bed-ways are tested for straightness and parallelism. 


(d) The line of movement of members such as saddles and tables along bed- 
ways is tested. 


(e) Practical tests in the form of the machining of test specimens, followed by 
careful and surface finish of the specimen. 


The tests carried out under (e) above are in the nature of dynamic tests, in so 
far as the results of the measurement of the specimen reveal the behaviour of the 
machine under normal conditions of operation. That is, it is not sufficient that the 
machine should be satisfactory under conditions of static loading only, but that 
account should also be taken of the vibration and deflection of machine members 
under dynamic loads. 

Much pioneering work in devising and evaluating suitable tests was carried 
out by Dr. G. Schlesinger, whose work Testing Machine Tools is a standard 
treatise on the subject. 

At a subsequent date, a series of test charts were prepared jointly by the 
Institution of Mechanical Engineers and the Institution of Production Engineers, 
and it is these which are used, or form the basis of the standard tests applied by 
most machine tool makers, and constitute the procedure for the final inspection 
of the machine. 

The accuracies specified in ‘Acceptance Test Charts for Machine Tools’ are 
Tecognized as being satisfactory for the types of machines to which they refer, but 
at the present time improved methods of making the measurements are available, 
and these will be included in this chapter. 


6.21 Tests for Level of Installation 


It cannot be too strongly emphasized that it is essential that a machine tool be 
installed in truly horizontal and vertical planes, and that this accuracy must be 
maintained. If, for example, we consider the case of a long ted lathe which is not 
installed truly horizontal, it is clear that the bed will undergo a deflection, either 
to produce a simple bend, or if the deflection is in two directions, a twist will be 
Introduced, 

Yt would thus follow that the movement cf the saddle could not be in a straight 
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line, and it would therefore be impossible to turn a true geometric cylinder on the 
lathe. Similar effects are obtained on other types of machines when the accuracy 
of installation is not of the required order. 

The maintenance of the initial installation accuracy is dependent upon the 
type and thickness of foundation on which the machine is set. Many machines 
require no more than the normal thickness of workshop floor, say 150-200 mm of 
cogcrete laid on hardcore. In special cases, such as jig boring machines and high 
precision grinders, it is necessary to prepare a special concrete foundation of 
considerable depth, which additionally may be insulated from the surrounding 
floor. 

The method of testing for level is shown in Fig. 6.1 in which is outlined the 
bed and bed-ways of a centre lathe. 


BRIDGE 


SADDLE 


SPIRIT LEVEL 
Fig. 6.1. Testing a lathe bed for level and wind. 


With the saddle at the approximate mid-span of the bed support feet, a pre- 
cision level is placed at a-a to give the level in the longitudinal direction. The 
transverse test at b-b will usually require the use of a bridge piece to span the: 
front and rear guide-ways. Preferably, readings should be taken simultaneously 
in each direction so that the effect of adjustments in one direction may also be’ 
observed on the level in the other. It will be noted that readings taken transversely - 
will reveal any twist or ‘wind’ in the bed. That is, if the bed is out of level, readings: 
of the bubble position should all be either plus or minus. 

The process of correcting the error in level may be done by wedges and. 
shims set at suitable points under the support feet or pads of the machine until an’ 
accuracy of 0:02 mm/metre is obtained. 

The type of level suitable for this work has a senstivity of 0-04 mm/metre: 
and has a vee base, so that direct contact may be made with the inverted vee ways: 
of the machine bed. í 

The bridge piece to span the bed for the transverse test may have a flat = 
for use on flat-bed lathes, but a vee bridge is generally considered better. The#: dt 
manufacture of such a bridge is somewhat simplified if hardened and ground 
cylinders form the vees. 
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6.22 Spindle Tests 


Considering again the testing of a centre lathe, the running truth of the internal 
taper at the front end of the spindle is of vital importance for the production of 
accurate work. The equipment required for this test consists of: 


(a) Hardened ground parallel test bar having a concentric taper shank which 
is a close fit to the spindle nose taper. 


(b) A dial test indicator calibrated in 0-01 mm. 
The method is shown in Fig. 6.2. 


POSITIONS I AND I ARE FOR 
TESTING SPINDLE CONCENTRICITY 


Z SY 
4 
ó 


SADDLE MOVEMENT FOR TESTING 


PARALLELISM OF SPINDLE WITH 
GUIDE-WAYS 


Fig. 6.2. Tests for spindle concentricity and alignment with guide-ways. 


Two readings, at I and II, are taken of the running truth of the test bar, 
which obviously. must itself be a highly accurate one in all respects. Over a distance 
such as 300 mm between I and II, a difference of running truth is allowed At I 
the error should not exceed 0-01 mm and at II, 0:03 mm. 

A most important test is that of the parallelism of the spindle axis with respect 
to the bed-ways, in both the vertical and horizontal planes. The method of test is 
Shown in Fig. 6.2. Any error in parallelism which is revealed when the saddle is 
moved along the bed should not exceed 0:02 mm/300 mm in either plane. In the 
Vertical plane, shown at (a), the reading may be in the plus direction at the free end 
of the test bar. In the case of the horizontal plane, shown at (b), any error should. 
Incline the test bar towards the direction of the tool pressure. By permitting only 
these directions of error, the tendency is for the tool pressures to correct them. 
~o The axial slip or float of the spindle is tested as in Fig. 6.3, the dial test 
Mndicator being firmly mounted at any suitable position on the machine. 
~: The test plug must be a snug fit into the spindle nose taper, and have its 
Outer end face ground flat and square to the taper axis. The line of movement 
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of the measuring plunger is then arranged to lie on the spindle axis of rotation. 
The slip should not exceed 0-01 mm. 

It is important to distinguish between the necessary end play in the spindle, 
due to the clearance between bearing surfaces, and axial slip. The latter is due to 
errors in squareness of the abutment faces or locating faces of end bearings with 
respect to the axis of rotation, and produces a cyclic end-wise movement of the 
spindle. 


Fig. 6.3. Test for axial slip of lathe spindle. 


6.23 Tests for Straightness and Flatness 


It will be appreciated that for a carriage to move along a straight line in both 
vertical and horizontal planes, the controlling guide-ways must themselves be 
‘straight. Tests for this condition may be carried out in several ways, the most 
convenient of which are by precision level and by the auto-collimator. It is the 
latter method which will be discussed here, but the method of tabulating and using 
the results of individual measurements is similar in each method. 

The principle of measurement by the auto-collimator has been dealt with in 
Chapter 4, but the method of determination of straightness and flatness is dealt 
with now. 

Assume that the straightness of a lathe bed 2 m in length is to be measured. 
The general arrangement of measurement would be as in Fig. 6.4, the auto- 
collimator being set up independently of the lathe bed, about 4 m from one end, 
the parallel beam from the instrument being projected along the length of the bed. 
A particularly rigid support, preferably of the tripod type, is required for this. 
Assuming the bed to have flat-ways, the plane reflector is set on to the end of the 
bed nearer the instrument and a reflection obtained from it such that the image 
of the cross-wires of the collimator appear nearer the centre of the field. The 
reflector is then moved to the other end of the ted, and provided the general 
line of movement of the reflector has been reasonably parallel to the optical axis 
of the instrument, then the image of the cross-wires will appear in the field of the 
eyepiece at this position of the reflector also, This procedure ensures that reflections 
at intermediate positions will be within the field, and is thus an approximate check 
on the level of the bed in the horizontal plane. 
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A straight-edge should now be set down on the bed, to ensure that the reflector 
is stepped along it in a straight line. 

Assume that the distance between the support feet of the reflector is 103-5 mm, 
and that the interval length at which measurements are taken is also 103-5 mm. 


: : 21 ; 
Now, since 1 min of arc 360 x60 radians 
: 2r 
then, on a base length of 103-5 mm, | min of arc = 360 x60 * 103:5 mm 
=0:03 mm 


That is, each tilt of 1 min of arc of the reflector as it is stepped along the bed- 
way corresponds very closely to a rise or fall of the guide-way surface of 0-03 mm. 

Having ensured that an image of the cross-wires will be received by the auto- 
collimator when the reflector is set at the end positions of the bed, the reflector is 
now set at the forward end of the bed, nearest the instrument, to begin the series 
of readings. This condition, and those for subsequent readings, is shown in Fig. 6.4 
in which the rise and fall of the bed surface is greatly exaggerated. 


LINE OF SIGHT 


AUTO~COLLIMATOR A 


Fig. 6.4. Auto-collimator used for checking the straightness of lathe-bed guide-ways. 


With the reflector set at A-B, the setting wires in the auto-collimator eyepiece 
are moved to straddle syrnmetrically the image of the horizontal cross-wire, by 
the suitable rotation of the micrometer drum, and the micrometer reading is noted. 
The reflector is then moved 103-5 mm to the position B-C and a second reading 
is taken on the micrometer drum. Successive readings at C-D, D-E, E-F, etc., 
are taken until the length of the bed has been stepped along. A second set of read- 
ings should now be obtained by stepping the reflector in the reverse direction 
along the bed, to reveal any serious errors in the first set of readings. Assuming 
none have occurred, the mean values of each set of readings may now be recorded, 
and these represent the angular positions of the reflector, in seconds relative to 
the optical axis of the auto-collimator at each of its positions along the bed. 

The method of tabulation of the results of measurement are shown on p. 121. 

Column 1 gives the position of the plane reflector at 103-5 mm intervals along 
‘the bed. Column 2 gives the mean reading of the auto-collimator to the nearest 
Second. In practice it is possible to observe sub-divisions of seconds, and this should 
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be done. Column 3 gives the differences of each reading from the first. In column 4 
these differences are converted to the corresponding linear rise or fall, on the 
basis of 1 sec of arc=0-0005 mm per 103-5 mm. The second zero introduced at the 
head of column 4, when associated with the previous zero in this column, repre- 
sents the heights of the two feet of the reflector support mounting when in its 
original position. Column 5 gives the heights of the support feet of the reflector 
Above the datum line drawn through their first position. That is, the values in 
column 5 are obtained by successively adding, algebraically, the values in column 4. 
This 1s necessary because the individual heights obtained in column 4 are the 
heights of the back feet of the support relative to the front feet in a given position 
and not relative to the datum. 


| 2 | 3 4 5 6 7 
Rise or Adjustment Errors 
Difference| Fall in Cumulative | to bring from 
Position | Reading | from Ist Interval Rise or both ends Straight 
on ————| Reading Length Fall to Zero Line 
Surface | min sec (sec) (0-001 mm) | (0:001 mm) | (0-001 mm) | (0-001 mm) 
0 2 10 0 0 0 0 0 
1 2 10 0 0 0 - 2:0 -2 
2 2 12 +2 +1-0 + 1-0 - 40 -3 
3 2 15 +5 +25 +35 - 60 —2:5 
4 2 17 +7 +3°5 + 7:0 - 8-0 -1-0 
5 2 18 +8 +40 +11-0 - 10-0 +10 
6 2 17 +7 + 3°5 + 14-5 -12:0 +25 
7 Zz. J9 +5 +25 +170 -14-0 +3-0 
8 2 13 +3 +15 + 18-5 -160 +25 
9 2 9 -1 -05 +18.0 ~ 18-0 0 
10 2 12 +2 +1:0 + 19-0 ~ 20:0 -1:0 
11 2 14 +4 +2:0 +21-0 — 22:0 -1-0 
12 2 16 +6 +3-0 +24-0 — 24-0 0 


The total rise in the surface of the bed over a 14 m length from a datum 
along the line of the first reading is 24 um. In column 6 this total rise is pro- 
portioned over the twelve readings taken, i.e. in increments of 24/12=2 pm. 
These values (column 6) are subtracted from the values in coluran 5 to give the 
errors (column 7) in the bed from a straight line joining the end points and within 
which the series of readings were obtained (i.e. it is as though a straight-edge were 
laid along the bed profile and touching the end points of the test surface when they 
are in a horizontal plane). The rise and fall of the surface relative to the straight- 
edge would be the values given in column 7. 

A graphical representation of this is shown in Fig. 6.5 in which the values 
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given in columns 5, 6, and 7 are plotted. In the graph of cumulative errors a 
straight line has been passed through the end points, and represents the straight 
line connecting the ends of the bed. In the graph of straightness errors, this line 
has been used as the axis, and thus the values plotted in the previous graph have 
the same relationship to it. 

It is important to note that the increasing values for the readings given in 
column 2 of the table indicate the increasing angle of tilt of the top of the reflector 
towards the optical axis of the auto-collimator. Increasing readings have therefore 
indicated positive (+) values for the linear rise and fall, and vice versa. The lathe 
bed is thus both concave and convex along its length relative to the datum line 
joining its end points. 
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Fig. 6.5. Graphs of cumulative error and actual error in a machine bed, determined 
using an auto-co)limator. 
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The test described relates to a flat-bed lathe, but the method applies also to a 
bed with vee guide-ways. In this case, however, the plane reflector mount must be 
supported on a carriage having a vee accurately ground in its base, to suit the vee 
of the bed. The apex of the carriage vee should be relieved so that contact is made 
only at the sides of the vee. With this arrangement, the straightness of the bed in 
the horizontal plane can be determined, as well as in the vertical (i.e. the tilt about 
the vertical axis indicates changes in the angle of the reflector in the horizontal 
plane). 

As in the previous test, the reflector is stepped along the bed in interval 
lengths of 103-5 mm but in this case the auto-collimator tube is rotated 90° in its 
housing, to a pre-set stop, so that the pair of setting wires in the eyepiece are 
vertical. Changes of position of the image of the vertical member of the cross- 
wires are then read on the micrometer drum, and would be recorded in column 2. 

Associated with the error in the straightness of a lathe bed may be any cross- 
wind which exists due to each way of the bed having different errors in 
straightness, or, if straight, lying in non-parallel planes. This condition cannot be 
detected with an auto-collimator, since the reflector wouid be mercly rotating in 
its own plane as it was stepped along the bed. The most practical and convenient 
method of test is to step a precision level, laid transversely across the bed, along its 
length. If necessary, a bridge piece should be used as the level carriage, both to 
span the width of the bed, and to accommodate the vee guideways. 

A computer program for handling this type of calculation is shown in Chapter 
11, section 11.211. 


6.3 TESTS FOR SQUARENESS 


In many machine tools, for example, drilling machines and vertical milling 
machines, an essential accuracy lies in the squareness of the spindle axis with the 
plane of the table. Fig. 6.6 illustrates the principle, in which a test bar supports a 
dial test indicator at a suitable radius, say 150 mm. 

With the measuring plunger bearing directly but lightly on the machine table, 
the spindle ts rotated slowly by hand through 360°, dial indicator readings being 
taken at 180° in planes perpendicular to each other. In the case of drilling 
machines, the permitted error is of the order of 0-05 mm/300 mm, and in direction 
such that the front edge of the table is inclined upwards. That is, the force due to 
the downward traverse of the drill tends to correct the error. 

In the case of vertical milling machines, the full test would apply only to fixed 
cutting head machines. A test in a direction perpendicular to the longitudinal table 
axis only i is applicable to swivelling head machines, and an error of 0-02 mm/300 
mm is applicable, the front edge of the table inclining upwards. 

A test of this nature is known as the ‘turn round method’, and proves to be a 
very sensitive one. 

In some classes of machine tools, the accuracy of construction called tor 
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requires optical methods for its testing. This applies especially to jig-boring 
machines, but is also applicable to milling machines of both vertical and horizontal 
types. i 
Fig. 6.7 illustrates the conditions of test for the squareness of the transverse 
table ways with the face of the column. 


COLUMN 
GUIDES 


Fig. 6.6. Testing a drilling-machine spindle for 
squareness with the table. 


When using an optical method for such a test, and bearing in mind that the 
axis of the incident beam from the auto-collimator forms the measuring datum, 
it is clear that this must be turned accurately through 90°. It is done by means of an 
optical square. This is a special case of a prism, such that, regardless of the angle 
at which the incident beam strikes the face of the prism, then by internal reflection 
the beam is turned through 90°. 

Assume, then, that the transverse ways and the column face are perfectly 


OPTICAL 


AUTO-COLLIMATOR SQUARE 


PLANE 
A m REFLECTOR 


Tig. 6.7. Auto-colliraator and optical square being used to test the 
squareness of machine slides, 
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Straight. It is necessary only to take two readings; one with the reflector at position 
A, and a second at position B, the optical square being set down at the inter- 
section of the two surfaces when the reading at B is taken. The difference between 
the two readings would then be the squareness error, note being made of its 
direction. 

The test becomes more complex, however, if the straightness errors in the 
tw surfaces are considered. In this case, it is necessary to carry out a straightness 
test on each surface, as shown in section 6.23. The angle formed by the mean 
straight lines passing through each surface profile will then indicate the mean 
angle between the surfaces. 

A squareness error, which reveals itself as an axial movement, is that of 
the thrust face and collars of a lead screw. Unless these are perfectly square to the 
axis of lead-screw rotation, a cyclic end-wise movement is set up which is of the 
same nature, and due to the same reasons as the axial slip in a main spindle. 
The condition is shown in Fig. 6.8. 

The two methods of testing are: 


(a) by dial test indicator; 
(b) by auto-collimator. 


Method (a) is similar in all respects to that used for the axial slip of main 
spindles and the error which would be tolerated in the case of lathe lead screws 
would be of the order of 0-01 mm. 

The importance of this test may be appreciated when it is realized that axial 
slip will cause a thread having a periodic pitch error to be cut on the lathe. 

Method (b) provides an interesting application of the auto-collimator. The 
axial oscillations of the lead screw are converted to angular movements of a plane 
reflector ball located into the centre hole in the end of the lead screw, and mounted 
on a cross-strip hinge (Fig. 6.8). The angular movement of the reflector during 
one revolution of the lead screw is observed in the auto-collimator eyepiece. 


MACHINE 
END FRAME 


LEAD SCREW i AUTO-COLLIMATOR 


REFLECTOR 
Ea BA, 
THRUST | 


a 
COLLARS À n CROSS-STRIP HINGE 


ANGLED THRUST FACES 
CAUSE AXIAL MOVEMENT 


Fig. 6.8. Lead screw with angled thrust faces and possible method of test using an 
auto-collimator. 
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6.4 PRACTICAL TESTS 


As previously noted, these are of a type designed to reveal the combined effects 
of several possible errors both in the alignment accuracy of the machine, and in 
its rigidity. They involve the machining of a test piece under prescribed con- 
ditions of cutting speed, feed rate, depth of cut, and tool geometry. The test piece 
is then measured for its geometry and surface finish, and the results compared 
with standards for these features. 


133 


CHAPTER 7 


Gear Measurement 


71 INTRODUCTION 


As technology has progressed from the Industrial Revolution to the present day, 
the need for closer control over the accuracy of systems used for transmitting the 
power made available has also progressed. Probably the most used means of 
transmitting power and multiplying torque is through the medium of gear trains. 
It is obvious that the strength of gear teeth has had to improve to meet increased 
loads, but this is a design problem which is not a primary concern of this book. 
However, it is also a requirement of a gear train that it shall have a constant velo- 
city ratio. Variations in velocity ratio can cause a cyclic fluctuation of tooth load- 
ing which gives rise to (a) fatigue, leading to tooth failure; and (b) noise. 

The noise problem is of interest if one considers the development of the auto- 
mobile. Early automobiles had rudimentary exhaust silencers and the resulting 
engine noise caused most of the other mechanical noises to be overlooked. 
Efficient exhaust silencing made mechanical noises from the gear-box more 
apparent. This was silenced by.the use of helical gears and closer control in their 
manufacture. The gear noise was reduced and carburettor intake noise became 
significant which, when reduced by efficient air cleaners and intake silencers, 
enabled rear axle ‘whine’ to make its presence felt. The use of spiral bevels and 
hypoid gears, again with closer manufacturing controls, reduced this and the 
valve timing gears again required attention. By this time, exhaust and intake 
silencers were improved and the whole cycle started again. 

Thus a major item of development in the motor vehicle has been the develop- 
ment of efficient gears, and this only considers one commodity. If one considers 
this work applied to all of the mechanisms which rely or geared systems to trans- 
mit power, the importance of the subject of gear measurement becomes immediately 
apparent. 


7.2 SCOPE 


A few of the different types of gears required by modern industry have been 
mentioned above. Within the confines of this work it is proposed to deal only with 
involute gears of straight tooth (spur) and helical types. These constitute a large 
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proportion of the gears in use today, bevel gears, spiral bevels, and hypoid gears 
being topics for works of a more specialist character. Cycloidal gears are used but 
little in modern engineering. Their main use is in horological work, which again 
the authors consider is outside the scope of this work. 

The choice of the involute for the flank curve of gear teeth has two great 
advantages for general engineering. 


(a) The velocity ratio of a pair of involute gears is constant, regardless of 
errors or variations in centre distance. 


(b) An involute rack has straight teeth. This enables the complex involute 
form to be generated from a relatively simple cutter. 


It is therefore necessary to consider the involute curve in some detail. 


72 THE INVOLUTJE CURVE 


An involute is the locus of a point on a Straight line which rolls around a circle 
without slipping. An alternative definition is: the locus of a point on a piece of 
string which is unwound from a stationary cylinder. 


Fig. 7.1. 


The inycljute curve. 


The curve is therefore as shown 
in Fig. 7.1. 

From the figure it is seen that the 
length of the generator is equal to the 
arc length of the base circle from 
the point of tangency to the origin of 
the involute at A. 


i.e. A,B, =arc AB, 
A,B, =arc AB, and so on. 


Further, the tangent to the 
involute at any point, e.g. Ag, is 
perpendicular to the generator at that 
point. 

Notice also that the shape of the 
involute depends entirely on the 
diameter of the base circle from 
which it is generated. As the base 
circle increases, so the curvature of 
the involute decreases, until the 
limit is reached for a base circle of 
infinite diameter, i.e. a straight 
line, when the involute is a straight 
line. 
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7.4 THE INVOLUTE FUNCTION 


The involute function of an angle may be 
defined as the angle made by the radius to 
the origin of the involute and the radius to 
the intercept of the generator with the 
inyolute. This is the involute function of the 
angle between the radius to the point of 
tangency of the generator and the radius to 
the intercept of the generator and the 
involute. 

This apparently complex statement is 
better described graphically in Fig. 7.2. 

In Fig. 7.2: 


AOC is the involute function of COB. 


From the diagram (7.2): 
BC =4/OC? — OB? 


4/OC? — OB? 
ao) aa 
But from Fig. 7.1: 
Fig. 7.2. The involute functi 
arc AB=BC 18 a ae Hs i unction 


: . : BC 
=} radians +inv Ņ% radians =-55 


.. (%+inv p) radians =tan ẹ% 
inv 4=(tan 4 —) radians 


pa 
"OB 


i.e. the involute function of an angle is the difference between the tangent of the 
angle and the angle in radians. 

This term of involute geometry has been dealt with separately as it is of 
particular importance in the work to follow. 


f 


T DEFINITIONS AND STANDARD PROPORTIONS 


A single tooth of a gear is made up of portions of a pair of opposed involutes. 
The teeth of a pair of gears in mesh contact each other along a line of action 
which is the common tangent to their base circles as shown in Fig. 7.3. As this 
is the common generator to both involutes, the load, or pressure between the' 
gears is transmitted along this line. The angle between the line of action and the 
common tangent to the pitch circles is therefore known as the pressure angle, 4. 
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From Fig. 7.3: 
OB Ro 
oC ER 
+. Ro=Rpcosy VY 
or D»=D cos % where Dy =dia. of base circle 
D =dia. of pitch circle 
yy = pressure angle 
The standard values for pressure angle are 144° and 20°, of which 20° is 
becoming the most used as it gives stronger teeth and allows gears of smaller 
numbers of teeth to be made, without interference with mating teeth. 


PRESSURE ANGLE 
1 t 


Sa i 
N o L uia ANGLE 
— [STE a 


EDENDUM 


N> S LINE OF 
PRESSURE ee 
ANGLE /CLEARANCE BASE 
T CIRCLE 
` Rb 
Rp 


lo. 
Fig. 7.3. Pair of spur gears 7 mesh, showing terms referred to in 
e text. 


Diametral pitch P is the number of teeth per inch of pitch circle diameter. 
This is a hypothetical value which cannot be measured, but it is most important 
as it defines the proportions of all gear teeth. 


N 
esp 7 
Module M is the reciprocal of P, i.e. 
M=—— 


This method of fixing tooth proportions is in common usage in countries 
using the metric system where M is made a whole number of millimetres, 
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Circular pitch CP is the arc distance measured around the pitch circle from 
the flank of one tooth to a similar flank in the next tooth. 


aD D 1 


to CP =>, but Wp 7M 
CP==7M 


Base pitch P» is the arc distance measured around the base circle from the 
origin of the involute on one tooth to the origin of a similar involute on the next 
tooth. 


P»=CP cos y =nM cos ob 


Addendum is the radial distance from the pitch circle to the tip of the tooth. 
The nominal value is: 


Addendum = = = Module 


This may be varied to avoid interference. 
Clearance is the radial distance from the tip of a tooth to the bottom of a 
mating tooth space when the teeth are symmetrically engaged. Standard values are: 


el or - or — =0-157 M or 0-250 M or 0-400 M 


The value used depends on the type of gears and their application. 
0-157 M is normally used for 143° pressure angle gears to Browne and Sharpe 
standards. 


0:250 M is normally used for Class A, B, C, and D gears. 


Clearance = 


0-400 M is normally used for Class A, precision ground gears. 
Dedendum is the radial distance from the pitch circle to the bottom of the 
tooth space. 
Dedendum = Addendum + Clearance 
i 0-157 1-157 


=pt p sap thsi M 
1 0250 1:250 

or=5 tp pls M 
1 0-400 1-400 

or=5 +p 1 400 M 


Blank diameter. The diameter of the blank is equal to the pitch circle diameter 
plus two addenda: 
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Blank diameter = D +2 M 
but D=NM 
N+2 
.. Blank diameter = NM +2M=(N +2) x Module or ( > ) 


Tooth thickness is the arc distance measured along the pitch circle from its 
intercept with one flank to its intercept with the other flank of the same tooth. 


Nominally, tooth thickness =4CP 
e Module 
“ADE EMAR 


In fact the thickness is usually reduced by an amount to allow for a certain 
amount of backlash and may be changed owing to addendum correction. 

Backlash is the circumferential movement of one gear of a mating pair, the 
other gear being fixed, measured at the pitch circle, bearing clearances being 
eliminated. 

It will be noted from the above definitions that a spur gear can be completely 
specified in terms of 


(a) number of teeth N; v 
(b) diametral pitch P or module M; v 
(c) pressure angle y. VC 


In the work on gear measurement which follows the expressions derived will, 
where possible, all be reduced to functions of these dimensions. 


7.6 HELICAL GEARS 


A helical gear has involute teeth which are not cut parallel with the axis of rota- 
tion, as on spur gears, but at an angle known as the helix, or spiral, angle to it. 

Helical gears are normally used to transmit power between parallel shafts. 
They provide a much smoother and quieter action than spur gears, owing to the 
fact that at any instant a number of teeth are engaged. Further, each tooth is 
engaged over a Short length of its flank at a given time, and the engagement is 
taken up and released gradually. 

Thus any measurements made can be in one of three planes: 


(a) Normal to the tooth flank—denoted by subscript n. 


(6) Normal to the axis of rotation—known as the transverse plane and 
denoted by subscript ż. 


(c) Parallel with the axis of rotation—known as the axial plane and denoted 
by subscript a. 
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In this work the measurements mainly considered will be those in the 
transverse and normal planes. Consider a rack of transverse pitch CP: as in 
Fig. 7.5 


TRANSVERSE 


AXIS OF ROTATION AXIAL_PLANE 
TRANSVERSE HELIX OR 
PITCH SPIRAL ANGLE 
(0) 


NORMAL 
PITCH 


AXIAL PITCH 


Fig. 7.4. Terms used in text dealing with helical gears. 


Helix angle o 

Transverse pressure angle pn 

Transverse circular pitch = CPi =r M; 
From the diagram (Fig. 7.5): 


2 od 
AC 


, AB=AC cos o 
CPn=CP; cos o 
As circular pitch = x Module 


then 7M,=7M; cos a 
and M,=M; cos o 
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Now the angle of the flank face of the rack in any plane is the pressure angle 
of the system in that plane. 


Considering again Fig. 7.5: see DE 
” DF 
For any section DF is constant and equal to the tooth depth but 


DE = D,E; COS o 
D,E, Cos o 
DF 


.*, tan yn =tan ýt COS o 
This enables the normal pressure angle to be obtained and hence the normal 


.. tan Pn = and tan p= DF 


base pitch Pon, as on any section base pitch =r M cos y. 


.. Poin =nmMn cos Yn 


SECTION TT 
IN TRANSVERSE 
PLANE - 


' TET TH 
LL TA | ps 


O 


D 


` & 
SECTION NN 
/ 


IN NORMAL PLANE 


2 


FR 


Fig. 7.5. Normal and transverse sections of basic rack. 
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7.7 UNDERCUTTING IN GEAR TEETH AND ADDENDUM 
MODIFICATION 


If in the design of a gear train a pinion is made too small, interference will occur 
between the mating pair. The tooth of the gear or rack will tend to “dig in’ to the 
root of the pinion, causing rough running or fracture. If a pinion is cut by a 
generating process in which interference would occur, the teeth become undercut 
and weakened. The condition occurs when the line of action extends beyond the 
point of tangency to the base circle. 

Consider a pinion being cut by a rack as shown in Fig. 7.6, in which the tip 
of the rack cutter tooth extends beyond the point of tangency of the line of action 
by an amount S. 


| RACK TOOTH 


\on 
POINT OF < of pet 
TANGENCY T 
wera PITCH CIRCLE 
eae, 3 
2 (H 
END OF LINE at p ~—— 
OF ACTION / . 
, BASE 
, CIRCLE 
ROOT 
Y CIRCLE 


Fig. 7.6. Conditions giving rise to undercutting in gear 
manufacture. 


This condition would give rise to undercutting and can be overcome by dis- 
placing the rack outwards a distance S', Thus, to compensate for this, the wheel 
addendum must be reduced by an amount Ky and the pinion addendum increased 
by an amount Kp to compensate. 

The values Kp and Ky are called the addendum coefficients for the pinion and 
wheel and are directly related to S by S=KM, where 1f=Module. 

B.S. 436: 1940 gives two conditions for the calculation of Kp and Ky. 
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n 
(a) If (N+n) sec? oS 60, then Kp=0-4 (1 ~~) 
or Kp=0-02 (30 —nsec*o) whichever is the greater 


and Kuy = S Kp 
(b) If (N +n) sec o< 60, then Kp=0-02 (30 — nsec*o) 
and Ky =0-02 (30 — Nsec*c) 


In the above expressions N and n are numbers of teeth in wheel and pinion 
respectively and ø is the helix angle for helical gears, thus for straight tooth spur 
gears o =0 and seco =1. 


Knowing Kp = Kw the addenda for the gears may be found from: 
Pinion addendum = M,(1 + Kp) = Mn + KpMn 
Wheel addendum = M,(1 + Kw) = Mn + KuMn 


Note that in each case the nominal addendum M is changed by an amount KM 
which is the amount the rack is displaced to avoid undercutting. 


78 GEAR MEASUREMENT 


The methods of testing and measuring gears depend largely on the class of gear, 
the method of manufacture, and the equipment available. Briefly, gear measure- 
ment can consist of: 


(a) General tests. 
(b) Measurement of individual elements. 


7.81 General Tests 


Included in this section are rolling tests, in which the gear is compared with a 
hardened and ground master gear, tooth thickness measurements, and measure- 
ments over rollers. The two latter may seem out of place in general tests, but when 
a gear is being cut, often complete reliance is placed on cutter and indexing 
accuracy, each of which influence form and pitch, and these are the only tests 
available. However, the authors feel that more attention should be paid to cutter 
accuracy and to the setting of the machine. For instance, in hobbing a gear of 
small module, the only tests available are optical projection and rolling tests. 
These frequently reveal errors in form which can be due only to either a hob of 
incorrect form, or to the hob being incorrectly set, i.e. not inclined accurately 
through the helix angle of the gear. The hob, having straight flanks, van be readily 
checked by optical projection and this leaves only inaccuracy of <: iing to cause 
the form errors. 
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In the manufacture of gears of higher class, e.g. precision-ground gears and 
master gears, it is necessary to determine the accuracy of individual elements. 
Apart from tooth thickness, these include (a) pitch of teeth, and (b) form of teeth. 


7.9 ROLLING GEAR TESTS 
7.91 Dual Flank Tests 


A common form of gear testing machine for performing these tests is the Parkson 
Gear Tester, shown in Fig. 7.7. It consists essentially of a base on which is 
mounted a ‘fixed’ carriage whose position can be adjusted to enable a wide range 
of gear diameters to be accommodated, but which is locked in use, and a moving 
carnage which is spring loaded towards the fixed carriage. On the fixed carriage is 
an arbor made to suit the bore of the master gear, or a similar spindle to suit the 
gear under test being mounted in a parallel plane on the moving carriage. 


GEAR UNDER TEST 


MASTER GEAR DIAL GAUGE 
SPINOLES ADJUSTMENT SCREW 


“g © DIAL GAUGE 


SPRING LOADING 
ADJUSTING SCREW 


ae = SPRING LOADED 
FIXED ADJUSTABLE SCALE ANO VERNIER TO CARRIAGE 


CARRIADE SET CENTRE DISTANCE 
Fig. 7.7. Essentials of rolling-type gear testing machine. 


If a pair of gears are spring loaded into close mesh and rotated, any errors 
in tooth form, pitch, or concentricity of pitch line, will cause a variation of centre 
distance. Thus, movements of the carriage, as indicated by the dial gauge, indicate 
errors in the production gear. 

The method of operation is as follows: 

(a) Using gauge blocks between the spindles set the dial gauge to read zero 

at the correct centre, distance and adjust the spring loading. 


Note. Gauge blocks = C — (D +d) where C=centre distance and d and D = 


diameters of spindles. 

(b) Set limit marks on‘dial gauge. 

(c) Mount the master gear and the gear to be tested, and note the variation 
in the dial gauge reading when the gears are rotated by hand. If it falls 
outside the limit marks, the gear is not acceptable. 
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This is the standard form of test used industrially under production con- 
ditions. However, the gear tester can be used to carry out more complex teses. 
For instance, by locking the moving slide at the running centre distance of the 
gears, and by fixing the master gear, the backlash can be determined by setting a 
dial gauge at the pitch line of the production gear. Also, at this setting, the gears 
can be checked for smooth running. 

By arranging the machine to produce a trace, or graph of slide movements 
against gear rotation, the faults can be analysed. This can be accomplished by 
replacing or augmenting the dial gauge with a pick-up such as a ‘Talymin’ gauging 
head and feeding the output to the amplifying unit and recorder of a ‘Talysurf’ 
surface measuring instrument. Typical traces produced from such a set-up are 


shown in Fig. 7.8. 


1 REVOLUTION 
(a) TRACE DUE TO. ECCENTRIC GEAR 


REPRESENTS ANGULAR 
ROTATION PER TOOTH 


(b) INDIVIDUAL TOOTH ERRORS 


(c) INTERFERENCE: THE GEARS MESH NORMALLY UNTIL 
THE TIPS OF THE PINION MAKE CONTACT, WHEN 
THEY ARE FORCED OUT OF MESH 


MAX. COMPOSITE 
ERROR 


(d) COMPOSITE ERROR 


Fig. 7.8. Typical traces produced by recording-type 
rolling test instrument. 
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It is usual for such errors to occur together and a compound trace of 
eccentricity anc tooth form errors occurring on one gear would appear as shown in 
Fig. 7.8 (d). 

It should be noted that when testing helical gears on the Parkson tester the 
vertical component of the normal force between the teeth has a tendency to cause 
one gear to lift, or ride up its arbor. For this reason, the master gear in these cases 
should be mounted between centres and rotated in such a direction that it absorbs 
the upward thrust, the equal and opposite downward component holding the 
tested gear down. 

If no master gear is available, the instrument can still be used to check a pair 
of mating gears by running them together. It must be ensured that they do not 
have compensating errors. For example, equal eccentricities, if mounted in a 
particular angular relationship, would cancel out and show no error. If this 
method is used, the gears should be tested twice at relative angular positions of 
180° to each other. 


7.92 Single Flank Tests 


The rolling test described in section 7.91 is not realistic in that it is a two flank test, 
the two gears being run spring loaded into close mesh, a condition which never 
happens in practice. Using radial gratings, more realistic single flank testers have 
been developed. (Details of the application of diffraction gratings to measurement 
are given in Chapter 11, section 11.42.) 

The master gear and the gear under test are mounted on spindles set at the 
correct centre distance, one spindle being driven and the other having a friction 
band to ensure that the two flanks, one on each gear, stay in contact as they would 
in a practical application. 

Each spindle carries a pair of radial gratings whose outputs are fed to a phase 
comparator, the output of which is a graph similar to those shown in Fig. 7.8. Any 
error in the gear under test produces a change in the velocity ratio of the two 
shafts which is picked up by the phase comparator and appears on the graphs 
which indicate eccentricity, pitch error or form errors. 


7.10 TOOTH THICKNESS MEASUREMENT — STRAIGHT 
TOOTH SPUR GEARS AND HELICAL GEARS 


A frequently used instrument for measuring gear tooth thickness is the gear tooth 
vernier. It snould be realized that, as the thickness varies from the tip to the base 
circle of the tooth, any instrument for measuring on a single tooth must 


(a) measure the tooth thickness at a specified position on the tooth; 
(b) fix that position at which the measurement is taken. 
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The gear tooth vernier therefore consists essentially of a vernier calliper for 
making the measurement W combined with a vernier depth gauge for setting the 
dimension h at which the measurement W is taken as in Fig. 7.9. 

The positions at which the measurement can be made are normally limited to 
two. 


“PITCH CIRCLE 


Fig. 7.10. Measurement of 
chordal thickness at pitch line. 
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7.101 Tooth Thickness at the Pitch Line 


It should be noted that Wis a chord AC, but the tooth thickness is specified as an 
arc distance ADC. Also A is the distance EB and this is slightly greater than the 
addendum ED. 


Referring to Fig. 7.10: 
W=2 AB 


In triangle ABO, AO= p= 


NM 


SS e 
— 


sin 8 AB 
AO 


AB=AO sin 9 


But W=2 AB 
e 90 
W= NM sin (7) sav) 


Also from Fig. 7.10: h=-OK--OB 
and OE = Rp + Addendum =" +M 

NM 90 

OB=OA cos 8 ==7" Cos (7) 


nhet M- a cos(a) 


7 7 S\N 
NMT. 2 90 
h=! +5- cos (a) . Q) 


and from (1) W=NM sin (F) 
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In the above expressions. it must be remembered that A and W are ideal 
values. Allowance must be made for h if the addendum is modified as in 7.10 and 
for W to accommodate the backlash required. 

In the case of helical gears the tooth thickness in the transverse plane at the 
pitch line is not easy to measure but the normal tooth thickness can be determined. 
Within the limits of accuracy of this instrument, the normal tooth thickness Wn 
is the same as the tooth thickness of a corresponding virtual spur gear in which 
the number of teeth N, = Nsec®o where o is the helix angle. 


7.102 The Constant Chord 


In the expressions for tooth thickness at the pitch line it is seen that the dimensions 
h and W are both dependent on the number of teeth. If a large number of gears 
for a set, each having different values of N, are to be tested, the separate calcula- 
tions would become laborious. 

Consider an involute tooth symmetrically in close mesh with a basic rack 
from as in Fig. 7.11. Regardless of the number of teeth, for a given size of tooth, 
i.e. value of M, contact would always occur at A and F. AF is known as the con- 
stant chord. 


PITCH LINE 
OF RACK 


Fig. 7.11. Measurement of tooth thickness at constant chord. 


In Fig. 7.11: 
s r nM 
BD =} circular pitch =-7- 


, AB 
In triangle ABD, ap 3 p 


.*. AB = BD cos p= cos us 


149 


Metrology for Engineers 
: AC 
In triangle ABC Ap °° y 
.. AC = AB cos p= cos? 1 


å and W=2 Ac- T cos? Y% 


Also, ai =sin ob 


-, BC=AB sin p= cos ysin y 


and h=M-" cos W% sin ẹ for a value W =" cost y 


The above expressions are for straight tooth spur gears. For helical gears, the 
normal measurement Wn is obtained by substituting values of normal module and 
normal pressure angle. 


S; Wn -Tn cos? y 


nMn 
4 
If corrected teeth are used, then the expressions are modified further to: 


and hn = Mn -- COS Yn SIN Yn 


Wa = [F + AA “tan vn | cos? p 


and hn=(1 +k)Mn - ea tan s| sin Ņ% cos y 


If allowance is made for backlash, it must be subtracted from W. If reduction 
in W= ôw and b = backlash, 


ôw =b sec yx 


An interesting point about the constant chord method is that it readily lends 
itself to a form of comparator which is more sensitive than the gear tooth 
vernier. Such an instrument is manufactured by W. E. Sykes, Ltd., and is 
illustrated in Fig. 7.12. 

It consists of a pair of adjustable jaws having angles of 144° or 20°, 
depending on the application required, with a dial gauge probing down to the tip 
of the tooth, as shown. The instrument is set to a pair of master taper plug 
gauges which fix the position. of the limit marks on the dial gauge. 
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It should be noted that the fact 
that the jaws are at an angle provides 
an additional magnification of 
roughly 2 : 1, i.e. for a 144° pressure 
angle, an error in tooth thickness of 
0-01 mm shows up as 0:02 mm on 
the dial gauge. 


r 


a 


Pi 
“7.103 The Base Tangent Method 


Apart from the use of the Sykes 
Gear Tooth Comparator, it should 
be noted that both of the previous 
methods of measuring tooth thick- 
ness may be unsatisfactory using the 
gear tooth vernier, in that, 


(a) the vernier itself is not 


Fig. 7.12. Sykes Gear Tooth Comparator reliable to closer than 0-05 
based on the constant chord method of mm or perhaps 0:025 mm 


measurement. with practice; 
(b) the measurements depend on two vernier readings, each of which is a 
function of the other; 


(c) measurement is made with an edge of the measuring jaw, not its face, 
which again does not lend itself to accurate measurement. 


These problems can be overcome by measuring the span of a convenient 
number of teeth, as shown in Fig. 7.13. 


BASE 
~ CIRCLE 


Fig. 7.13. Span measurement over a number of teeth with 
a vernier calliper. 


_ It can be seen that this uses a single vernier calliper which overcomes the 
disadvantages mentioned above, except those inherent in the use of such an 
istrument, and this can be overcome by the use of more accurate equipment 
than a vernier caliper 


Metrology for Engineers 


Consider a straight edge ABC of length AC, being rolled back and forth 
along a base circle as in Fig. 10.14. Its ends will sweep: out opposed involutes 
A;.A.Ag,. and C,.C.C,. respectively. Measurements made across these opposed 
involutes by.span gauging will be constant, 


i.e. W=AC =A,C, =A.C, =a¥°e A,By 


i.e. the arc length of the base circle between the origins of the involutes. (This 
conditidn should be compared with that shown at Fig. 7.1.) 


Fig. 7.14. Generation of a pair of opposed involutes by a 
common generator. 


Therefore the position of the measuring faces is unimportant as long as they 
are parallel and on an opposed pair of true involutes. Applying this to gear teeth, 
it is in fact preferable to choose a number of teeth such that the measurement is 
made approximately at the pitch circle of the gear, for it is at this point that the 
tooth form is most likely to conform to a true involute. 

Applying this principle to the conditions in Fig. 7.13, it is seen that 


W =arc AB +arc BC 


in which arc AB is the tooth thickness at the base circle and arc BC is (S x the 
base pitch), S being the number of tooth spaces over which measurement is made. 


If N is the number of teeth, then the angular pitch of the teeth P, is given by 


Ps -7 radians 
and base pitch P» y x Ry where Ry=radius of the base circle 


Now Rp -1 cos y M =Module 


2r NM 
ae Po=5; y Cos 


and if S tooth spaces are considered, 


ae BOENT Sx— cos Y 
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To determine arc AB, the tooth thickness at the base circle, consider Fig. 7.15, 
which shows a single tooth and the relevant data. 


arc AB=2 arc AD 
=2 (arc AC +arc CD) 
arc a =Inv 4 radians 
Ro 
*, arc AC = Ro (tan 4-4) 


arc AC -1 cos 4 (tan 4- 4) ize (2) 
arc EF arc CD 


0 radians = Rp Rp 


arc EF =| circular pitch 


nM 1 rM 2 


OG Ro NM 


m š 
., O= radians 


s arc CD = Rp x 0 
NM m 
arc CD=—~- cos bx a ... (3) 


But arc AB =2 (arc AC +arc CD) so substituting from expressions (2) and (3) 


arc AB=2{ “cos y (tan by) + cos 4-5, | 


= NM cos | tan yor | . (4) 
and W=arc AB +arc BC 
Combining (1) and (4) l 
W=NM cos 4 [tan b- pro |+ kai cos Ņ% 


m nS 
from which W=NM cos | tan p- o tay + N F] 


In this expression, N=number of teeth 
M = Module 
y= pressure angle in radians 
S=number of tooth spaces contained in W 


153 


Metrology for Engineers 


BASE 
CIRCLE 


Fig. 7.15. Thickness of a gear 
tooth measured at the base circle. 


For helical teeth this measurement is made in the normal plane and becomes 


S 
Wa = NM, cos ph [tan pi paa] 


in which Mn =Module in the normal plane 
= M; cos o 
wy, == Pressure angle in the normal plane 
Obtained from tan Y,=tan ý cos o 
o=helix angle 
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Measurements by this method can be improved by the use of either a micro- 
meter with flanged anvils, or the David Brown Base Tangent Comparator shown 
in Fig. 7.16 which consists essentially of a micrometer with limited movement on 
either side of a zero setting, the zero setting being made with gauge blocks or 
distance pieces. Further, the method lends itself to measurement of small tooth 
gears by projection, either by direct measurement or by traversing the table of 
a Toolmaker’s Microscope. 


DIMENSION W SET TO 
GAUGE BLOCKS 
FIXED ANVIL 
LOCKING RING 
SETTING TUBES TO GIVE 
APPROXIMATE DIMENSION W 


LIMITED MOVEMENT 
MICROMETER 


MOVING 
ANVIL 7 ~ BASE CIRCLE 


Fig. 7.16. David Brown Base Tangent Comparator. 


Again the measurement W quoted is for uncorrected teeth with no backlash. 
In this case, if 5W»=reduction in W for backlash allowance 


ô= backlash allowance 
then ô Wp = — ôb cos Yn 


and if X=addendum correction 


1 ; ; 
smm” change in W due to addendum correction 
SW: = +KM.2 sin pn 


Thus, for a corrected gear with backlash, 


W=NM, cos haf tan pi~ pam] -- Ôb cos Ya £ KM,,2.sin yn 
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7.11 MEASUREMENT OVER o HAONAR RACK 
ROLLERS 


Consider a roller placed in the space 
between a pair of gear teeth so that its 
ceéhtre lies on the pitch circle as shown 
in Fig. 7.17. 

Working in a similar manner to the 
constant chord calculation, 


OA 
cos 1) OB 


OA=OB cos Ņ4 
But OA = radius of roller r 


aM 
s rea Cos p 


and dia. of roller =" cos Ņ% 


Fig. 7.17. Measurement over a 


.. gauging radius Rg=Rp+r roller whose ae on the pitch 
- mt cos ù where Rp=radius of pitch circle 
Thus, the dimension over a pair of rollers in opposite tooth spaces, 
Do=NM 4% cos y= Mi (N +5 cos ¥) 
For modified teeth the roller radius becomes 
r mod =Z cos % -2KM sin 4 
a Rome cos  -2KM sin 4 


and Do=NM +5- cos 4 -4KM sin 4 
=M (N+; cos -4K sin #) 


Allowance for backlash is directly added to the roller radius and therefore 
to Rg. 
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This case requires a particular sized roller whose radius, zM cos , is less than the 


addendum. It will therefore be shrouded by the tips of the teeth and measurement 
may be difficult. If this is so, readers are directed to the work of Earl Buckingham, 
who suggests a method using any convenient size of roller. 

For gears with an even number of teeth, a direct diameter measurement may be 
made. If the gear has an odd number of teeth, a radial measurement with the 
gear between centres can be carried out, using a comparator with the gear, or a 
measurement over a pair of rollers, provided allowance is made for the angular 
relationship of the rollers relative to each other. 


712 GEAR PITCH MEASUREMENT 


The measurement of the pitch of gear teeth may be made by (a) measuring the 
distance from a point on one tooth to a suitable point on the next tooth; (b) 
measuring the position of a suitable point on a tooth after the gear has been 
indexed through a suitable angle. 


7.121 Tooth to Tooth Pitch Measurement 


One method of carrying out this measure- 
ment is by a portable hand-held instru- 
ment which measures the base pitch. 


In Fig. 7.18, the base pitch is AıB 
between the involutes with origins at Aj 
and B. l 

It can be shown that 


A,B =A,B, =C,B, = C3B, =C,B, 


i.e. any measurement along a tangent 
to the base circle between a pair of 
adjacent involutes is equal to the base 
m 
P 

The instrument for making this 
measurement consists of three measuring 
fingers, as shown in Fig. 7.19. 


pitch, and base pitch P»= > cos yw. 


Fig. 7.18. The base pitch is equal to the linear 
distance between a pair of involutes measured 
along a common generator. 
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Measuring finger A is located 
against a tooth so that the mark 
shown is approximately at the point 
of tangency. 

The instrument is adjusted so 
that the distance between A and C is 
gpproximately equal to the base pitch. 
The finger B is adjusted to locate the 
fingers on the same place on each 
tooth and support the instrument. If 
the pitch is constant, the reversal 
reading on each tooth should be the 
same when the instrument is rocked. 

Another possible method is to 
use two dial gauges on adjacent teeth 
with the gear mounted in centres, as 
in Fig. 7.20. The gear is indexed 
through successive pitches to give a 
constant reading on dial A. Any 
changes in the reading on dial B 
indicate that pitch errors are present. 
The actual error can be determined 
by deducting the individual reading 
on dial B from the mean of the 
readings. 


Fig. 7.19. Maag Pitch Measuring Instrument, 
Type TMC 


ype . 
(Courtesy of the Maag Gear Wheel Co. Ltd., 
Zürich) 


. DIAL GAUGE 
B 


Fig. 7.20. Use of two dial gauges to determine 
tooth-to-tooth pitch errors. 
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7.122 Measurement of Cumulative Pitch Error 


It would appear that the simplest method of determining pitch errors is to set a 
dial gauge against a tooth and note the reading. If the gear is now indexed through 
the angular pitch and the reading differs from the original reading, the difference 
between these is the cumulative pitch error. The problem is to index through the 
exact angular pitch, as an error in indexing of 56 radians induces an error of 
Rp80 in pitch, where Rp is the pitch circle radius. 

However, if the angle through which the gear is indexed is always the same, 
and not necessarily the angular pitch, the induced error can be corrected. Such an 
indexing device has been developed at the National Physical Laboratory and is 
incorporated in an elegant pitch measuring device made by the Sigma Instrument 
Company. 

The indexing device is basically as shown in Fig. 7.21. 


Fig. 7.21. Indexing device used in determining cumulative pitch errors. 


_ The gear is mounted on a mandrel attached to the disc and rotates with it. 
Rotating concentrically with the disc is a sine arm. Clamp A locks the disc to the 
base and clamp B locks the arm to the disc. To index the gear, and Starting with 
Clamp A locked, and hence the disc and gear locked together, the procedure is: 


(a) With clamp B unlocked, raise the sine arm and place suitable gauge 
blocks on the stand, such that the arm is rotated through angle 9. 


(b) Hold the stylus down on the gauge blocks and lock clamp B. 
(c) Release clamp A and remove the gauge blocks. 
(d) Swing the sine arm down to the base and lock clamp A. 
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This process is repeated until readings have been taken on all the teeth and a 
repeat reading is taken on the first tooth. The difference between the original and 
final readings is now distributed among the intermediate readings to give the 
cumulative pitch error on each tooth. An example is shown in the table below, 
graphs of errors being as in Fig. 7.22. 


Correction for Cumulative 
Tooth Reading Induced Error Error 
Number (0:01 mm units) | (0-01 mm units) (0-01 mm units) 
l 0 0 0 
2 + 2:5 - 19 +0°6 
3 + 6-0 - 38 +2:2 
4 + 8-0 - 57 +2°3 
5 +11:0 - 76 +34 
6 + 13-0 - 9:5 +3°5 
7 + 14:0 -11:4 +2°6 
8 + 14-5 -13:3 +1:2 
9 +150 -15:2 -0:2 
10 +165 -17-1 -0:6 
11 +17.5 -19-0 -1.5 
12 + 18-5 — 20:9 -24 
13 +21 — 22:8 -1-8 
14 +22 -24:7 -2-7 
15 +23 -26:6 -3:6 
16 +26 -28-5 -2.5 
17 +28 — 30:4 -2-4 
18 +31 -32:3 -1:3 
19 +36 ~ 34-2 +18 
20 + 37°5 ~ 36:1 +14 


Repeat 1 + 38 — 38-0 0 


Thus the cumulative pitch error is 7:0 (0-01 mm units) between tooth numbers 
5 and 15 over an arc of 10/20 x 2m radians. 
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ACTUAL CUMULATIVE 
ERROR 


5 l MAXIMUM CUMULATIVE 
PITCH ERROR = 0'07 mm 


P SUNA A 
12 345 6 7 8 90E m 7 19 20 REPEAT 


5 


Fig. 7.22. Graphs of readings and cumulative pitch error. Note that tooth-to-tooth error 
can be obtained by subtracting adjacent readings. 


7.13 TESTING INVOLUTE FORM 


If a measuring instrument incorporating a dial indicator gauge is made to trace 
the path of an involute and its stylus is set against an involute, variations in the 
involute form would show as variations of the dial gauge reading. The type of 
instrument outlined in Fig. 7.23 suggests itself as being a possible design. If the 
straight edge is rolled around the base circle without slipping, the plunger of the 
dial gauge traverses an involute curve generated from that base circle. If the tooth 
is of correct involute form, the dial gauge plunger will traverse the tooth being 
displaced from its original position of zero. ` 

Note that errors are measured normal to the tooth form, i.e. along the line 
of the straight edge. a 

This instrument obviously would not be successful, the dial gauge interfering 
with the next tooth, which is conveniently left off the diagram. However, this is 
the principle of most involute form testing devices, the gear being mounted on 
a disc whose diameter is accurately the diameter of the theoretical base circle Do. 
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Do=D cos y 
= NM cos 4% 


The David Brown Involute Form Tester shown in Fig. 7.24 is of this type, 
the stylus, bearing against the involute form, being accurately located above the 


STRAIGHT EDGE 


LIDE 
a eee ee) 
: MOTION PARALLEL TO 
, a STRAIGHT EDGE AND 
—- - HENCE NORMAL TO 
a INVOLUTE 
STRAIGHT 
/ EDGE 


GEAR MOUNTED 
ON DISC OF BASE 
CIRCLE DIAMETER 


STYLUS MOUNTED 
OVER STRAIGHT 
EDGE 


DISC 


a | ed Sipe ier ene ı OPERATING ROD |. 
| eae te | 


m 


DIRECTION OF PRESSURE EXERTED 
BY SCREW CONTROLLED ROLLERS 


Fig. 7.24. Diagrammatic layout of David Brown Involute Form Tester, 


162 


Gear Measurement 


straight edge. The stylus is mounted on a small vee/flat ball slide constrained to 
move parallel to the straight edge. Thus slide movements measured by the dial 
gauge are in fact errors in involute form measured along the line of the straight 
edge, i.e. normal to the involute form. Motion without slipping is caused by a 
lateral movement of the rod at the back of the instrument. 


714 ALLOWABLE ERRORS IN SPUR GEARS 


The allowable errors set out in B.S. 436: 1940 are based on a tolerance factor ô, 
given by 
(N + 60)M 
foie pa eta dated 
a 
The only other symbol used which has not been dealt with is concerned with 


accumulated pitch errors, and is: La =length of arc of the pitch circle on which the 
accumulative error exists. 


Referring to section 7.13, it is seen that 


La == x 2m radians x Rp 
n M 
=H * 2r x = where n=number of teeth over which error exists 
ey N=number of teeth on gear 


M = Module 


B.S. 436 gives tables of allowable errors in tooth thickness, pitch and profile 
in terms of 5 and Lg. These tables, in association with the calculated values of 
ô and La, enable the actual tolerances to be calculated. 
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The Measurement of Screw Threads 


8.1 INTRODUCTION 


EXAMINATION of B.S. 3643, dealing with the tolerances on commercial screw 
threads, shows that these tolerances are relatively large. Such threads are normally 
inspected using limit gauges as was described in Chapter 7. However, certain 
threads must be he!d to much closer tolerances, and this is particularly true of the 
limit gauges used for screw thread inspection. These threads must be measured, not 
gauged, to ensure that they are of a degree of accuracy to separate successfully 
the good threads from the bad when used as tools of inspection. 

Measurement, as distinct from gauging, of a screw thread can be extremely 
complex. There are a number of elements to be measured and, as will be shown, 
some are interrelated. A vee-form thread is composed basically of the following 
elements: 


(a) Major or outside diameter. 

(6) Minor or root diameter. 

(c) Form, particularly flank angles. 

(d) Pitch. Virtual etfective diameter. . 

(e) Simple effective diameter. 

These elements are illustrated in Fig. 8.1. 

It will be noted that the flank angle, pitch, and simple effective diameter are 
grouped together under the heading virtual effective diameter. In Chapter 7 it was 
stated that errors in pitch and/or flank angle caused a change in effective diameter. 
Thus the virtual effective diameter*of a thread is the simple effective diameter 


modified by corrections due to pitch errors and flank angle errors, and this virtual 
effective diameter is the most important single dimension of a screw thread gauge. 


8.2 MEASUREMENT OF THE MAJOR DIAMETER 
The major diameter of a screw thread is defined as the diameter of an imaginary 


cylinder which contains all points on the crests of the thread. 
It is most conveniently measured by means of a bench micrometer (Fig. 8.2). 
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MAJOR DIAMETER 
DIAMETER 


SIMPLE EFFECTIVE 


DIAMETER 


Fig. 8.1. Elements of a vee-form thread. 
Note: Metric and Unified threads have flat crests and radiused roots. 
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Fig. 8.2. 0-50 mm bench micrometer. 
(Courtesy of Herbert Controls and Instruments Ltd.) 


This instrument was designed by the National Physical Laboratory to eliminate 
the deficiencies inherent in the normal hand micrometer. These are 


(a) Variations in measuring pressure. . 
(b) Pitch errors in the micrometer thread. 


The fixed anvil is replaced by a fiducial indicator so that all measurements 
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are made at the same pressure, and this indicator has a positional adjustment which 
not only increases the range of the instrument but makes it virtually impossible 
for it to be direct reading. Instead it must be used as a comparator and Set to a 
standard. Thus for a given reading the micrometer thread is used over a short 
length of travel and any pitch errors it contains are virtually eliminated. 

The setting standard may be a gauge block, but for preference a calibrated 
sétting cylinder should be used as this gives greater similarity of contact at the 
anvils when reading on the setting standard and on the gauge. 

The procedure consists simply of noting the reading obtained on the setting 
cylinder, and that obtained on the thread. The difference in these two readings is 
then the size difference between the cylinder and the thread at that position. If this 
difference is added to the diameter of the setting cylinder the result is the major 
diameter of the thread. 


If De=calibrated diameter of setting cylinder 
R-e=micrometer reading on setting cylinder 
R:=micrometer reading on thread 
then major diameter = De + (R; — Re) 
This measurement should be repeated at three positions along the thread to 


determine the amount of taper which may be present, and at least two, préferably 
three, angular positions to detect ovality. 


8.3 MEASUREMENT OF MINOR DIAMETER 


The minor diameter may be defined as the diameter of an imaginary cylinder con- 
taining all points on the root of the thread. 

It is measured by a comparative process similar to that used in section 8.3, 
but hard2ned and ground steel prisms are used to probe to the root of the thread as 
shown in Fig. 8.3. 


It can be seen that due.to the thread helix a couple of Fx p/2 Nm is pro-: 


duced where F is the measuring pressure and p is the thread pitch. This couple 


would tend to rotate the thread through an angle depending on the pitch, and an . 


erroneous reading would result. 


The measurement is therefore carried out on a floating carriage diameter - 
measuring machine in which the thread is mounted between centres and a type : 
of bench micrometer is constrained to move at right angles to the axis of sen S 


centres by a vee-ball slide as described in Chapter 3. 
The instrument appears as shown in Fig. 8.4. 


on the thread. If the prisms are considered as extensions to the micrometer anvils. 
as in Fig. 8.3 it is seen that their size is unimportant and: 


Minor dia. = Do + (R: - Ro) 


The readings are taken ọn the setting cylinder with the prisms in position, an and | 
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F PRISMS BEING USED ON 
SCREW THREAD ANO ON i 
SETTING CYLINDER 


SCREW PLUG GAUGE 
MOUNTED ON CENTRES 


MICROMETER ANVILS 


Fig. 8.3. Use of prisms to measure minor diameter. 


Fig. 8.4. Floating carriage diameter measuring machine. 
(Courtesy of the Coventry Gauge & Too! Co. Lid.) 
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Again readings should be taken at various positions on the thread to determine 
ovality and taper. 


8.4 MEASUREMENT OF THREAD FORM 


The most important form measurement to be made on a screw thread is the 
mgasurement of its flank angles. The flank angle is defined as the angle made be- 
tween the straight portion of the thread flank and a line normal to the thread axis. 

Flank angles on large threads may be measured by contact methods, but 
normally the only practical method of measurement is to use optical equipment. 
This can be by projection and measuring the angle of the flank image on the 
screen, or by using a microscope with a goniometric head. 


8.41 Screw Thread Projection 


The simplest and probably the most effective projector for this class of work is 
known as the N.P.L. projector as it was developed at the National Physical 
Laboratory. 

It consists of a lamp-house whose optical outlet contains condenser lens to 
give even illumination. The object to be projected is mounted on a stage between 
the condensers and the projection lens which throws an enlarged image on the 
screen as in Fig. 8.5. 


STRAIGHTEDGE ON MACHINE && 
~ 


: Fig. 8.5. 
(Courtesy of the N.P.L. Crown Copyright) 
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The whole projector may be moved on rails normal to the screen to give the 
required degree of enlargement, and the work-stage may be moved relative to the 
projection lens for focusing purposes. This focusing motion can be made from the 
screen, by an ingenious arrangement of wires and pulleys. Thus an extremely 
sharp image can be produced at the screen without continual walking from screen 
to instrument. 

An interesting point about the instrument is that to accommodate screw 
threads the work stage has centres, and can be swung out of normal to the optical 
axis. 

This is to avoid interference due to the helix angle. If the thread is mounted 
with its axis normal to the optical axis the top of the thread, which is projected, 
is at an angle to the optical axis due to the thread helix. This is shown exaggerated 
in Fig. 8.6 (a). 


LIGHT RAYS 
————__ > ——__—_—. 
c p> ——__—— 
—— en 
cimao 
(a) PLANE OF 
SCREEN AND LENS 


LIGHT RAYS 
Da 


PROJECTED 
t (b) ee EATA FRUE LENGTH 
A ENGTH/ | PLANE OF 


SCREEN AND LENS 


Fig. 8.6(a). Projection normal to thread axis causes interference. 
(b) Turning thread through helix angle avoids interference but fore- 
shortens pitch and distorts profile. 


By swinging the thread through its helix angle the thread helix is parallel with 
the light rays [Fig. 8.6 (b)]. However, the flank angle is defined as being measured 
on a plane section parallel to the thread axis. This being so it can be seen that the 
set-up in Fig. 8.6 (b) has a foreshortening effect and will induce a narrowing of the 
thread image as projected on the screen. 

This problem can be overcome by swinging the lamp-house through the helix 
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angle so that the light rays are not impeded as they pass through the thread to the 
objective lens. | 

Note that in this case the lens and screen are parallel to the thread axis and 
the foreshortening effect, with its consequent distortion of the flank angles, is 
eliminated. 

The actual measurement is carried out using a shadow protractor mounted 
on a ledge on the screen. The angle of the ledge can be adjusted until it is parallel 
with the image of the crests or roots of the thread. It is then assumed to be parallel 
to the thread axis and is used as a datum or base for the measurement. 

The shadow protractor and image set up for measurement are shown in 
Fig. 8.5. 


8.42 Microscopic Flank Angle Measurement 


Thread flank angles may be measured bya microscope with a goniometric head. 
This consists of a clear glass screen in the focal plane of the objective lens carrying 
datum lines which can be rotated through 360°, the angle of rotation being 
measured direct to 1’ and by estimation to fractions of a minute. 


PLANE OF SCREEN 
AND LENS PARALLEL 
TO THREAD AXIS 
LIGHT RAYS 


N 


Fig. 8.7. With thread axis and screen parallel, interference is 
avoided by turning light rays through helix angle. Distortion is 
kept to a minimum. 


The thread gauge is mounted on centres and illuminated from below. The 
microscope is mounted above the thread in such a way that it can be swivelled 
to be in line with the thread helix and avoid interference of the image. This is 
shown in diagrarn (Fig. 8.8). 

The centres are mounted on slideways which enable them to be moved 
through co-ordinate dimensions by micrometers reading to 0:002 mm and on a 
rotary table. 

In operation the microscope is focused with its axis vertical, on a focusing bar 
set so that it is focused on a plane through the line of the centres, i.e. the axis of 
the thread to be measured. The thread is then set up in place of the focusing bar 


and the microscope swung through the helix angle of the thread to avoid 
interference. 
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Fig. 8.8. Microscopic measurement of flank 
angles. 


Fig. 8.9. 


The Measurement of Screw Threads 


The datum lines in the micros- 
cope head are set to zero and the table 
rotated until the crests of the thread 
image coincide with the horizontal 
datum. The table is then locked and 
the datum lines in the microscope 
eyepiece rotated until they coincide 
with the thread flanks. The flank 
angles are then read off the eyepiece 
scale. 

This equipment is normally 
among the attachments which may 
be set up on a toolmaker’s micro- 
scope. The readings and settings can 
either be made through the micro- 
scope eyepiece or viewed on a screen 
as shown in Fig. 8.9. 

It should be noted that the op- 
tical axis is not normal to the thread 
axis and some distortion of the image 
still occurs. However, this technique 
is quite easy to set up and produces 
results of a reasonably high order of 
accuracy. 

Whichever method is used, errors 
on both right- and left-hand flanks 
should be determined as each can 
cause interference with the mating 


IMAGE OF LINES ON 
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thread independently of the other, and both cause a change in effective diameter 
of the thread under test. 


8.43 Effect of Flank Angle Errors 


Consider a vee thread having flat crests and roots, being of correct pitch but having 
an error on one flank only. The effect is to foul the mating thread above the pitch 
line if the error is positive and below the pitch line if the error is negative as in 
Fig. 8.10 (a). In either case the effective diameter of the thread must be increased 
for an external thread if fouling is to be avoided, the diametral increase being 5£4q. 


Eg: INCREASE IN DIAMETER OF 
NUT NECESSARY TO AVOID 
FOULING 


FOULING 
ZONE 


’ CORRECT FLANK 
ANGLE 


68 
FLANK ANGLE SCREW |] 
ERROR 


Fig. 8.10(a). Nut of perfect form mating with a screw having 
a flank angle error 80 on one flank only. 


An enlargement of the relevant part of this diagram enables SE, to be 
determined. It should be noted that apparently 
the diametral increase is 25Eg, but this is not 
so, because as the diameter is increased an 
axial movement takes place if the opposite 
flanks remain in contact. Thus the apparent 
increase is halved and the net increase in 
effective diameter is 5£qg. 


Referring to Fig. 8.10 (b): 


GD ., GD 
Ep ™ 0.. ED "in @ 
If 58 is small and in radians then 
GD GD : 
—-— = — = §9 Fig. 8.10(b). Enlarged view of fouling 
AD AC 50 with a A having a flank angle errot 
- GD=ACS88§ and ED = 80. The virtual increase in eifective dia. 
7 sin 0 3E; = DE. 
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AB . AB 

But AG" cos 6.°. AC=— 
But AB is half the depth of thread A 

. ED h 50 hð 


“2 cos@sin 6 sin 26 
in which @=nominal flank angle 
ô0 =flank angle error in radians 
h=depth of thread considering the straight portion of the flank only. 
Making a similar correction for the opposite flank the expression becomes 


h 
3Ea=——(30, + 304) 


where 56, and 56, are the worst flank angle errors on the r.h. and 1.h. flanks in 
radians. 

Applying this expression to a Metric thread form, for which the value for A 
is given in terms of pitch, froin Fig. 8.11; 6 is known, and 66, and 66, may be 
converted from radians to degrees. 


Fig. 8.11. Metric thread form in which h=0-54127p. 


From Fig. 8.11: 
h=0-54127p 


_ If this value for h is substituted in the expression for change in effective 
diameter it becomes 
0-5413p 


SEa =S + 804) 
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in which @ is 30°, the flank angle, and 586, and 56, are in radians and must be 
changed to degrees. 


0:5413p 2m 
o*e SE a =— 5 g667 6041 + 84s) * 360 
, SEq4=0-0109p (80, + 80,) 


In practice the form of a metric thread may be modified by having root radius 
giving a greater depth of straight flank than 0:5413p and to allow for this a value of 
0:0115p(ô0, + 58@,) is generally used. 

Similar expressions can be derived for other thread forms as follows: 

B.A. threads (473°) 5Eg=0-0091p (80,+56,) 
Unified threads (60°) 5Eg=0-0098p (80, +803) 
Whitworth threads (55°) 5Eg=0:0105p (66, + 66,) 


It must be recalled that the values of 56, and 50, are the flank angle errors 
in degrees, and p is the nominal pitch of the thread being measured. 


8.5 PITCH ERRORS IN SCREW THREADS 


If a screw thread is generated by a single point cutting tool its pitch depends on: 


(a) the ratio of linear velocity of the tool and angular velocity of the work 
being correct; 


(b) this ratio being constant. 

If these conditions are not satisfied then pitch errors will occur, the type of 
error being determined by which of the above conditions is not satisfied. What- 
ever type of error is present the net result is to cause the total length of thread 
engaged to be too great or too small and this error in overall length of thread is 
called the cumulative pitch error. This, then, is the error which must be determined. 
It can be obtained either by: 


(a) measuring individual thread to thread errors and adding them alge- 
braically, i.e. with due regard to sign; 


(b) measuring the total length of thread, from a datum, at each thread and 
subtracting from the nominal value. 


8.51 Types of Pitch Error 
8.511 Progressive Pitch Error 


This error occurs when the tool-work velocity ratio is constant but incorrect. 
It may be caused through using an incorrect gear train, or an approximate gear 
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train between work and tool lead screw as when producing a metric thread with 
an inch pitch lead screw when no translatory gear is available. More commonly, 
it is caused by pitch errors in the lead screw of the lathe or other generating 
machine. 

If the pitch error per thread is dp then at any position along the thread the 
cumulative pitch error is n5p where n is the number of threads considered. A graph 
of cumulative pitch error against length of thread is therefore a straight line 
[Fig. 8.12 (a)]. 


MAXIMUM 
CUMULATIVE 
PITCH ERROR 


10 11 12 1314 
THREAD NUMBER 


CUMULATIVE PITCH ERROR 
CUMULATIVE PITCH ERROR 


1234567 8 91011 121314 
(a) 


Fig. 8.12(a). Progressive pitch error. (b) Periodic pitch error. 


8.512 Periodic Pitch Error 


This type of error occurs when the tool—work velocity ratio is not constant. 
It may be caused by pitch errors in the gears connecting the work and lead screw 
or by an axia! movement of the lead screw due to worn thrust faces. Such a 
movement would be superimposed on the normal tool motion to be reproduced 
on the work. It will be appreciated that errors due to these causes will be cyclic, 
i.e. the pitch will increase to a maximum, reduce through normal to a minimum 
and so on. 

A graph of cumulative pitch error will thus be of approximately sinusoidal 
form as in Fig. 8.12 (b), and the maximum cumulative pitch error will be the total 
error between the greatest positive and negative peaks within the length of thread 
engaged. 


8.513 Thread Drunkenness 
A drunken thread is a particular case of a periodic pitch error recurring at 


intervals of one pitch. This means that the pitch measured parallel to the thread 
axis will always be correct, and all that is in fact happening is that the thread is 
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not cut to a true helix. A development of the thread helix will be a curve and not a 
straight line. Such errors are extremely difficult to determine and except on large 
threads will not have any great effect. 


8.52 Measurement of Pitch Error 


Apart from drunken threads, pitch errors may be determined using a pitch measur- 
ing machine, the design of which originated at the National Physical Laboratory. 
A round-nosed stylus engages the thread approximately at the pitch line and 
operates a simple type of fiducial indicator. The thread is moved axially relative to 
the stylus, which can ride over the thread crests by means of a micrometer whose 
readings are noted each time the indicator needle comes up to its fiducial mark. 
The mechanism of the fiducial indicator is of interest and is shown in Fig. 8.13. 


eo) RADIAL MOTION ALLOWS 
STYLUS TO RIDE OVER 
THREAD 


IRERE 
ALONG THREAD 


P 


FLEXIBLE STRIP 


Fig. 8.13. Fiducial indicator used on pitch-measuring machine. 


The stylus is mounted in a block supported by a thin metal strip and a strut. 
It may thus move back and forth oyer the threads, the strut and strip giving a 
parallel-type motion. If, however, the side pressures on the stylus, P and P,, are 
unequal the strip twists and the block pivots about the strut. The forked arm 
causes the crank to rotate and with it the pointer. Thus the pointer will only be 
against the fiducial mark when the pressures P and P, caused by the stylus bearing 
on the thread flanks are the same in each thread. 

Errors in the micrometer are reduced by a cam-type correction bar and, with 
care, accuracies of greater than 0:002 mm may be consistently achieved. 

If thread to thread pitches are required then each micrometer reading 15 
subtracted from the next. More usually cumulative pitch errors are required and 
can be obtained by simply noting the micrometer readings and subtracting them 
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from the expected reading. This should normally be repeated with the thread 
turned through 180° in case the thread axis does not coincide with the axis of the 
centres on which it is mounted. The mean of the two readings, usually determined 
graphically, is then used as the pitch error. 


8.53 Effects of Pitch Errors 


If a thread has a pitch error it will only enter a nut of perfect form and pitch if 
the nut is made oversize. This is true whether the pitch error is positive or negative, 
and thus, whatever pitch error is present in a screw plug gauge, it will reject work 
which is near the low limit of size. 

Consider a thread having a cumulative pitch error of 5p over a number of 
threads, i.e. its length is np + 5p. If such a screw is engaged with a nut of perfect 
form and pitch they will mate as shown in Fig. 8.14 (a). 


np a 


| SE 
NUT OF PERFECT FORM J „ SEo 
| AND PITCH /2 INCREASE IN EFFECTIVE DIA.: -3 


E, OF SCREW Ey OF PERFECT 
NUT 


SCREW WITH 
PITCH ERROR WITH PITCH ERROR 


np + &p 


Fig. 8.14(a). Screw having cumulative pitch error êp in mesh with a nut of 
perfect form and pitch. 


Consider an enlarged view of the thread flanks at A as in Fig. 8.14 (b). 
It is seen that 


.. 8Ea= 8p cotan 8 


where Sp is the cumulative pitch error over the length of engagement and 5£z is 
the equivalent increase in effective diameter 
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The importance of this is emphasized when a Whitworth thread is considered 
in which the flank angle ô is 274° and cotangent 274° = 1-920. 


For Whitworth threads Ea = 1-920 dp 
For Metric threads 5Eg= 1-732 dp 


BEG 
2 
EFFECTIVE 
DIAMETER OF 
-- PERFECT NUT 
EFFECTIVE 
DIAMETER OF 
SCREW 


Fig. 8.14(6). Enlarged view at A. 


The pitch error is therefore almost doubled when the equivalent increase in 
effective diameter is calculated. A screw plug gauge having a cumulative pitch 
error of 0-006 mm will thus reject all work within 0-012 mm (approximately) of 
the low limit in the case of Whitworth threads, and within 0-01 mm in the case 
of Metric threads. | 


8.6 MEASUREMENT OF SIMPLE EFFECTIVE DIAMETER 


The simple effective diameter of a screw thread may be defined as the diameter 
of an imaginary cylinder co-axial with the thread axis which cuts the thread so 
that the distance between any pair of intercepts and adjacent flanks is half the 
pitch. This is explained more simply diagrammatically in Fig. 8.15. 

Measurement of the simple effective diameter is carried out on the machine 
described in section 8.4 the prisms used for measuring minor diameter being 
replaced by steel wires, or cylinders, whose size is chosen so that they ‘pitch’ 
approximately at the effective diameter. Such cylinders are known as ‘Best Size’ 
wires and enable nominal values of pitch and flank angle to be used in subsequent © 
calculations. Such cylinders may be purchased from most manufacturers of gaug- 
ing equipment and their size is calibrated. 

As for the minor diameter, a reading is taken with the cylinders, over a setting 


178 


The Measurement of Screw Threads 


cylinder. A reading is then taken with the cylinders engaged in the thread. The 
difference in the readings is the difference between the diameter of the setting 
cylinder and the dimension T under the wires when engaged with the thread. 


The geometry of this arrangement is shown in Fig. 8.15, and is used in deriv- 


ing the expression required to calculate the simple effective diameter. 


From the diagram (Fig. 8.15): 


EFFECTIVE DIA. 
CYLINDER 


\ 


EFFECTIVE 
DIAMETER 


j 
Fig. 8.15. Calculation of simple effective diameter. 
Fg=T+2x 


BC 
4 AB = 
In 4 ABC tan AB 


... AB=BC cotan 0 
But by definition of the simple effective diameter, BC =} pitch 


o AB=" cotan 0 (1) 


DE 
a > sin O=—— 
In 4 ADE sin 8 AE 


‘. AE=DE cosec 0 
But DE =} diameter of the measuring wires 


., AE=f cosec 0 


Now x=AB-AF 
and AF=AE-EF 


but EF also= 


AF =~ (cosec @- 1) ... (2) 
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Subtracting (2) from (1) to obtain x we get 


_P 1 
x= cotan 0 5 (cosec 6 — 1) 


But Ea =T +2x and the term 2x is constant for any given thread if the nominal 
values of pitch and flank angle are used, as they may be if the best wire size is used. 
os, P=2x=5 cot 0 ~(cosec 0 - 1)d 
.. Eq=T +P in which T= measured dimension under the wires 

P= cot @-(cosec 0 -1)d 
p=nominal pitch 
d=wire diameter 
0 = nominal flank angle =semi-angle of thread 


8.61 Calculation of the Best Wire Size 


Normally when measuring cylinders are purchased they are of the best wire size 
for a given thread. However if they are not available it is best to make them 
rather than use incorrect wire sizes as this may incur large diametral errors due 
to flank angle errors. 

In Fig 8.16 AB is 4 wire diameter and BC is 4 pitch. 


Note. Study of this simple diagram may suggest a simple method, of determin- 
ing the simple effective diameter. This must not be used as the wire will rarely 
pitch on the effective diameter. The discrepancy will not affect the previous 
method sensibly if flank angle errors are present, but will have considerable effect 
if the incorrect simplified method is used. 


8.62 Measurement over the Wires 


If a measuring machine is not available the simple effective diameter may be 
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determined by measuring over three wires, or a better method by the use of 
‘Ovee’ gauges, as shown in Fig. 8.17 which may be sprung over the thread. 


FLANK 
ANGLE 


EFFECTIVE 
DIAMETER 


y i 


Fig. 8.16. ‘Best size’ cylinder contacting thread at effective 
` diameter. 


‘tx 
i: 
R 


INSERT MEASURE COMPARE 
Keep coil expanded by de- Take reading over coils. Check reading with limits on 
pressing lever and screw in data plate. 


component. Avoid friction. 
Fig. 8.17. Use of Ovee spring gauges. 
(Courtesy of the O-Vee Spring Gauges Ltd.) 


If the dimension 7, over the wires is determined then: 


Fa=7,+P,=T+P 
and 7,=T+2d 


a Py=P-2d=5 cot 0 -d (cosec 6-1)-—2d 


or P, => cot 8 — d (cosec 0 +1) 
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8.63 Corrections for Raking and Elastic Compression 


The expression for simple effective diameter derived in section 8.6 is based on the 
assumption that the measurement is made over a plane section of the thread 
parallel to the thread axis, i.e. measurement is over a series of annular grooves 
of thread form. This of course is not so and the effect of measuring over a helix 
is to throw the measuring cylinders out slightly and increase the measured value 
by an amount C. At the same time measuring pressure applied to point contacts 
causes elastic deformation of the wires and the thread flanks and reduces the 
measured value by an amount e. The correct value is obtained by applying cor- 
rections of -C and +e. 


. Fa=T+P—-Ct+e 


The magnitudes of C and e are both normally very small, and as they are of 
opposite sign their total effect is still less and they may be disregarded. If it is 
required to determine their values for the measurement of reference gauges, 
readers are referred to the National Physical Laboratory Notes on Applied 
Science II, ‘Measurement of Screw Threads’, obtainable from H.M. Stationery 
Office. 


8.7 VIRTUAL EFFECTIVE DIAMETER 


From sections 8.4 and 8.5 it is seen that the effect of pitch and flank angle errors 
on a screw plug gauge is to cause a virtual increase in the effective diameter in the 
case of external screw threads. Thus the virtual effective diameter is defined as the 
effective diameter of the smallest nut of perfect form and pitch which the screw 
will enter. This is of course the vital dimension of a screw plug gauge and it is 
obtained by adding to the simple effective diameter amounts depending on the 
magnitude of the pitch and flank angle errors. 


.*. Virtual effective diameter = Simple effective diameter + K,p (50, + 69,) + dp cot 8 
in which K,=a constant depending on the thread form 
p=thread pitch 
6=thread flank angle 
5p =pitch error over length of engagement 
For a Whitworth thread 
virtual effective diameter =simple effective diameter +0:0105 p(50, + 56,) +1-9208p 
and for a Unified thread 
virtual effective diameter =simple effective diameter +0-0098p(50, + 50,)+ 1°73 Sp 
and for a Metric thread 
virtual effective diameter = simple effective diameter + 0-0115p(56, + 58.) + 1-732 6p 
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8.8 MEASUREMENT OF SCREW RING GAUGES 


The problems of measuring screw ring gauges are essentially the same as for 
plug gauges but the difficulty is increased by the inaccessibility of the thread form 
and dimensions. 

The pitch may be measured on a normal screw pitch measuring machine 
using a special attachment to allow entry of the stylus, rather like a boring bar. 

The flank angle may only be measured by making a plaster cast of the thread, 
which must be of less than half the diameter of the thread and lifted out—not 
screwed out or the cast may be distorted. This may then be projected in the 
normal way. 

The simple effective diameter is measured using ball-ended styluses, of 
best wire size, in a measuring machine, the machine being set to a master con- 
sisting of a pair of vee notched arms analogizing the thread (i.e. the master is 
built up so that the effective diameter of the vees is the nominal value for the 
thread to be measured). 


ARMS OF MEASURING MACHINE CARRYING 
BALL-.ENDED STYLI! OF“BEST WIRE’ SIZE 


VEE JAWS SIMULATE 
THREAD TO BE MEASURED 


AXIS OF MEASURING 
MACHINE 


CLAMP 
ABUTMENT 


1/2 PITCH 


BACKING PLATE OF SETTING FIXTURE 


Fig. 8.18. Setting a measuring machine for determining simple effective 

diameter of an internal thread. Note the vee jaws offset by half pitch and 

the floating work stage allowing the fixture to swing into the attitude 
taken up by the thread. 


& 


These methods may only be used for fairly large threads. The only way with 
very small screw ring gauges is to procure very accurate master screw plug gauges 
Whose sizes differ by the gauge tolerance, and use them to test the gauge on a 
‘GO’ or ‘NOT GO’ basis. 

It should be noted that the effect of pitch and flank angle errors is opposite 
on a Screw ring gauge (i.e. these errors tend to reduce the sirnple effective diameter 
and the corrections for these errors must be subtracted and not added). 


CHAPTER 9 


Measurement of Surface Texture and Roundness 


9.1 INTRODUCTION 


THE development of modern technologies has called not only for improved control 
of dimensional accuracy but also of the texture and geometric form of both work- 
ing and non-working surfaces of components. There are three main factors which 
have made the control of surface texture important: fatigue life, bearing properties 
and wear. Most bearings are rotary in nature and it is obvious that roundness is an 
important geometric property of the component parts and roundness can be 
controlled only by measurement. 


9.11 Fatigue Life 


If a component is subject to repeated reversals of stress it undergoes fatigue and 
its life is considerably shorter than it would be if the part carried an equivalent 
constant load. The number of stress reversals it can withstand at a given stress is 
called the fatigue life. Failure due to fatigue always seems to start at a sharp corner, 
where stress concentrations occur, such as the root of a surface irregularity even 
on a non-working surface. 

It has been shown that, in certain engines, the gudgeon pin which carries 
cyclic loads has a significantly longer life if its bore is highly finished. The bore of a 
gudgeon pin is not in contact with any other part of the engine, in fact a gudgeon 
pin is usually hollow simply to reduce the reciprocating weight. 


9.12 Bearing Properties 


A ‘perfect’ surface, i.e: one with no irregularities whatsoever and therefore 
‘perfectly’ smooth is not a good bearing. In fact seizure would probably occur due 
to difficulty of maintaining a lubricating film and presenting metal to metal con- 
tact. Probably the best form of surface for a bearing is one similar to Fig. 9.1 (b) 
on page 185,in which the large contact areas reduce friction, and the valleys hel 

to retain a film of lubricant. a 
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9.13 Wear 
It is a well-known law of physics that friction does not depend on contact area. 


However, the rate of wear is dependent on the areas in contact, the larger the 
area the lower the load per unit area and hence the lower the rate of wear. 


92 THE MEANING OF SURFACE TEXTURE 


Before anything can be measured it is necessary to define what is to be measured. 
In most cases of measurement this is not too difficult but in the case of surface 
texture the definition is not so easy. 

Consider a cricket field. The requirements of the surface of the table on which 
the wickets are pitched are that it shall be flat and smooth. Now a field of pasture 


0-08 0:25 0:8 25m 


(d) 10-5 fess 0:08 0:25 0-8 25mm 
= mm ! LONG WAVELENGTH 
CUT-OFF 
Fig. 9.1. Effect of wavelength on on numerical assessment of surface 
nish. 


(Courtesy of the Rank Taylor-Hobson Division and R.E. Reason) 
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may be undulating but quite smooth, i.e. it may have a series of waves across it 
say 20 cm deep and 3 m from crest to crest. Although smooth it is not flat. It may 
be decided that if the field was ploughed the resultant earth movements would 
remove the undulation and soit is ploughed with furrows 20cm deep but only 30 cm 
from crest to crest. If the work is successful the field will now be flat but still 
unsuitable for cricket because it is rough, and yet the height of the irregularities 
as the same—all that has changed is the peak to peak distance or the wavelength. 

If such an experiment was carried out it would probably make matters worse 
as the field would finally be both undulating and rough, i.e. the roughness would 
be superimposed on the waviness, and the effort expended would have been better 
spent on either smoothing a rough field or flattening a wavy one. However, the 
point is that the difference between roughness and waviness is one of wavelength 
rather than depth of irregularities and at some point it must be decided which 
changes in elevation constitute roughness and which constitute waviness. 

Usually waviness is considered an error of form due to incorrect geometry 
of the process producing the surface and as such is outside the field of surface 
texture. Roughness may be defined as the irregularities which are an inevitable 
consequence of the process if carried olt on a geometrically perfect machine and 
it is the isolation and measurement of these irregularities with which this work is 
concerned. . 

The manner in which the two may be superimposed on a machined part can 
be illustrated by considering the requirements of a lathe to produce a truly 
cylindrical component. It is simply necessary that the tool shall move parallel 
to the axis of rotation. Consider a lathe in which one centre is higher than the 
other. This would cause a bobbin shaped surface (hyperboloid of revolution) to be 
generated. Further, if the tool motion is not controlled in a straight line a series 
of shorter waves may be superimposed on the long wave curve, and over all of this 
will be superimposed the feed marks of the tool. A still shorter wavelength may be 
due to the tool chattering and the surface thus contains four types of irregularity 
(regardless of any non-roundness) causing it not to be a true cylinder. These are: 


(a) Due to misalignment of centres. Zz 
, , Waviness. 
(b) Due to non-linear feed motion. 


Due to tool feed rate. | 
(c) Due to tool feed rate | Roughness a 


(d) Due to tool chatter. 


One of the problems in measuring surface finish is to separate the waviness 
from the roughness and the way this is done may be understood by reverting to a 
consideration of the undulating field. If we view the field as a whole the waviness -. 
is predominant. If, however, we limit our examination to a 30cm length of the field ; 
where undulations have a wavelength of 3 m we should include in our sample : 
little of the undulations and be able to concentrate on the roughness. Similarly - 
if we limit our examination of a machined surface to a length which excludes long `. 
wavelengths then only the roughness will be included. The maximum wavelength.: 
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Note: Prefix K indicates that a wavelength cut-off of 0:8 mm has been used. 
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Surfaces of similar appearance but having vastly different characteristics. 


(Courtesy of the Rank Taylor-Hobson Division and R.E. Reason) 
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considered is known as the cut-off wavelength which is standardized in Great 
Britain by B.S. 1134 at 0-25 mm, 0:8 mm, and 2:5 mm; that selected being depen- 
dent on the surface being checked. 

If a surface contains no waviness then the same value of surface finish will be 
obtained whatever length is sampled, as shown in Fig. 9.1 (a). As the waviness 
increases the numerical value of the surface texture increases as the cut-off wave- 
length is increased, as shown in Figs. 9.1 (b), (c), and (d) on p. 185. These all 
‘represent ground specimens with varying degrees of chatter marks. 

For ground surfaces a cut-off, or sampling length, of 0-8 mm is usual. For 
short parts such as piston rings 0:25 mm is more suitable as on such short parts 
there cannot be a succession of events lying far apart. A general rule for a surface 
produced by a single point tool is that the cut-off wavelength should exceed the 
feed spacing. 


9.3 METHODS OF MEASURING SURFACE FINISH 


The methods available for measuring the finish of a machined part may be com- 
parative or by direct measurement. The comparative methods are attempts to 
assess the surface texture by observation or feel of the surface. They are necessarily 
comparative in that they can be misleading if comparison is not made with surfaces 
produced by similar techniques. The appearance of a surface depends largely on 
the scratch pattern, in the direction.of the scratches, and is less influenced by their 
depths. This is equally true of microscopic examination as is shown in Fig. 9.2 
which represents microscopic enlargements of six different surfaces, ahd their 
surface profile as shown by the traces. 

Touch is probably a better method of assessing surface texture than visual 
observation, but again it can be misleading and comparisons should only be made 
of surfaces produced by similar processes. Comparison standards are available, 
those made by Messrs. Rubert & Co. of Manchester being for different machining 
processes, while the Norton Grinding Wheel Co. produce cylindrical ground 
standards. 

Direct measurement methods have been developed to enable a numerical 
value to be placed on the surface finish and these are almost all stylus probe type 
instruments although interferometric methods are suitable for reflective surfaces. 

N 


` 


9,31 Stylus Probe Instruments 


In all cases instruments of this type can be broken down into the following units: 


(a) A skid or shoe drawn slowly over the surface and following its general 
contours, thus providing a datum. 


(b) A stylus or probe which moves over the svrface with the skid, and verti- 
cally relative to the skid due to the roughness of the surface. 
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(c) An amplifying device for magnifying the stylus movements. 


(d) A recording device to produce a trace or record of the surface profile. It 
should be noted that all such traces are distorted, i.e. the vertical and 
horizontal magnifications differ, to enable significant vertical features to be 
observed on a trace of reasonable length. If a sample length of 0-8 mm was 
magnified 5000 times the resulting trace would need to be 4 m long! 


(e) A means of analysing the profile thus obtained. This may be incorporated 
in the instrument or done separately. Instruments satisfying these char- 
acteristics can be produced with mechanical or electronic systems of 
magnification. 


9.32 The Tomlinson Surface Meter a 


This instrument uses mechano-optical magnification methods and was designed 
by Dr. Tomlinson of the National Physical Laboratory, its essentials being shown 
in Fig. 9.3. 

The shoe is attached to the body of the instrument, its heights being adjust- 
able to enable the diamond shown to be positioned conveniently. The stylus is 
restrained from all motion except a vertical one: by a leaf spring and a coil spring, 
the tension in the coil spring P causes a similar tension in the leaf spring. These 
forces hold a cross roller in position between the stylus and a pair of parallel fixed 
rollers as shown in the plan view. Attached to the cross roller is a light spring 
steel arm carrying at its tip a diamond which bears against a smoked glass screen. 

In operation the body of the instrument is drawn slowly across the surface by 
a screw turned at 1 rev/min by a synchronous motor, the glass remaining station- 
ary. Irregularities in the surface cause a vertical movement of the stylus which 
causes the cross roller to pivot about point A and thus produce a magnified 
motion of the diamond on the arm. This motion, coupled with the horizontal 
movement, produces a trace on the glass magnified in the vertical direction at 
x 100, there being no horizontal magnification. 

The smoked glass is transferred to an optical projector and magnified further 
at x 50 giving an overall vertical magnification of x 5000 and a horizontal magni- 
fication of x 50. The trace may be taken off by hand or by photographic methods 
and analysed. 


9.33 The Taylor-Hobson ‘Talysurf* _- 


The Talysurf is an electronic instrument whose function can be broken down in a 
similar manner to the Tomlinson instrument and differing mainly in the method 
of magnification. It gives the same information much more rapidly and probably 
more accurately. It can be, and is, used on the factory floor or in the laboratory. 
The Tomlinson instrument is essentially for use in the laboratory. 
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Fig. 9.3. TorhKnson Surface Meter. 


The measuring head, as on the Tomlinson, consists of a stylus and shoe (T) 
which are drawn across the surface under test by an electric motor and gearbox. 
In this case the arm carrying the stylus forms an armature which pivots about the -:; 
centre piece of a stack of E shaped stampings around each of the outer pole ; 


pieces of which is a coil carrying an a.c. current as in Fig. 9.4. 


As the armature pivots about point M it causes the air gaps to vary and tbus :; 
modulates the amplitude of the original a.c. current flowing in the coils. As these # 
form part of a bridge circuit the output consists of the modulation only. This is : 
fed to an amplifier and caused to operate a pen recorder to produce a permanent — 
record, and to a meter to give a numerical assessment direct. at begs 

The pen recorder is of interest in that the trace is produced on carbon-backed' } i 
paper by a pointer whose tip arcs electrically across through the paper. This :; 
produces a much finer line than ink type pen recorders, with no distortion due tO i+ 


drag. 
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Fig. 9.4. Schematic layout of the Taylor-Hobson ‘Talysurf’. 
(Courtesy of the Rank Taylor-Hobson Division and R.E. Reason) 


9.4 ANALYSIS OF SURFACE TRACES 


A numerical assessment may be assigned to a surface to indicate its degree of 
smoothness (or roughness), in a number of ways. Different countries use different 
techniques, for instance Great Britain, many Commonwealth countries, and the 
U.S.A. (since 1955), use an average height; Sweden and many continental Europ- 
ean countries use the peak to valley height value, while other countries use a root 
mean square value. 


9,41- Peak to Valley Height 


The name peak to valley height would indicate a relatively simple method of 
analysis, but if interpreted in its wider sense it rneans that the peak and valley 
used would almost certainly be excentional and the value obtained would not give 
a representative assessment of the surface. 

To overcome this lack of representation the ten-point height average (R2) is 
used. This is determined by drawing a line AA parallel to the general lay of the 
trace, as shown in Fig. 9.5. The heights from AA to the five highest peaks and 
the five lowest valleys in the trace are determined. The average peak to valley 
height, Rz, is then given by: 

— (hi + a+ hs + h7.+ hg) ~ (he +lig+he +he +hio) z 103 
5 À vertical 
magnification 
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Fig. 9.5. Measurements to calculate the ten-point height average (R,). 


9,42 Root Mean Square (R.M.S.) Value 


This measure was standard until 1955 in the U.S.A. after which the standard was 
changed to an average height (see section 9.43). It is defined as the square root 
of the mean of the squares of the ordinates of the surface measured from a mean 


line. 
Consider Fig. 9.6. 


Fig. 9.6. Graphical representation of hr.m.s. 


If equally spaced ordinates are erected at 1, 2, 3, 4, ... n, whose heights are 
hy, Aa, Az, ... An, then 
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9.43 Centre Line Average Method (R,) 


The Ra value is the standard adopted in Great Britain, and since 1955, the 
U.S.A. It is defined as the average height from a mean line of all ordinates of the 
surface, regardless of sign. 


Thus, referring to Fig. 9.6, 
Ra _ħit+h+h+hħs+he wee thy 
n 
Zh 


n 


To determine an Rg value by the erection of ordinates would be a laborious 
process, and if an unfortunate ordinate spacing was chosen a significant point on 
the surface could be missed. 

However, if an irregular area is divided by its length then the value obtained 
is the average height of the area. Such an area can be measured using a planimeter, 
thus considering an infinite number of ordinates, and every point on the surface 
is considered. Referring to Fig. 9.7 it is seen that 


_A,+AgtAst+ ... +An 


Ra T 
_ ZA 
© L 
ae ; 
L 


Fig. 9.7. Graphical representation of Ra. 


The value thus obtained is the average height of the trace. To obtain the 
Ra value of the surface it is necessary to divide this value by the vertical magni- 
fication of the trace, and multiply by 10° to give the value in micro-inches. 
ZA : 108 pin 
L vertical magn. 
where ZA =sum of areas above and below the mean line 
in inches 


Ra = 
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L=length of trace in inches 
; ZA 10° pm 
or in metric units, Ra s- x nmana 
t R=- ordoni mann: 
where 24 =sum of areas in mm? 
L=length of trace in mm 
Before making such a measurement it is necessary to position the mean line 
so that the areas above and below it are equal to within 5%. This can be done by: 


(a) Estimating its position by eye. 
(b) Measuring the total areas above and below the estimated line. 
(c) Correcting the position an amount equal to the difference in areas divided 
by the trace length. 
ZA (above) - ZA (below) 
L 


This procedure can be illustrated by referring to a hypothetical surface having 
triangular irregularities as shown in Fig. 9.8. 


i.e. Correction = 


by, 


ESTIMATED cu. JAN __ | X M, 


CORRECTION] $ 
CORRECTED CL. = ONG h 


hm 


L 


Fig. 9.8. Correction of estimated centre line for regular configuration. 


Let an estimated centre line be drawn a distance h/4 from the peaks. 
Then the sum of the areas above estimated line =A; +4; 


And the sum of the areas below estimated line = A3 +44 
_2,3h 3b 1, 9hb 
4 42 16 
Correction = Area above -Area below 
Length 
hb 9hb 
16 l6 h 


oe SR Guee 
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i.e. the correction distance for the trace centre line is h/4 downwards (as 


shown by the minus sign). This brings it to A from the peaks, which would be 
correct, : 

This process is geometrically correot far a regular profile of this type, and is 
approximately correct for an irregular profile af the type encauntered in a surface 
recording. 

The technique described above is that required for the Tomlinson instrument. 
The Talysurf average meter incorporates an integrating device which does this 
work while the probe is being drawn over the surface. 

The interfacing of surface measuring equipment with computers has 
considerably broadened the scope of assessment of surface texture. This is 
discussed in detail in Chapter 11, section 11.31. 


9.5 THE INTERFERENCE MICROSCOPE 
Reference to Chapter 2 shows that if an optical flat is placed at a small angle over a 


flat reflecting surface, and the system is viewed in a parallel beam of 
monochromatic light, interference fringes will be seen across the surface. The 


VEE GROOVE 


INTERFERENCE FRINGES 
IN GROOVE 


INTERFERENCE FRINGES 
ON SURFACE 


Fig. 9.9. Interference fringes across a flat surface having a shallow vee 
groove along its length. 


curvature of these fringes is a measure of the flatness of the surface and if the 
wavelength of the light used is known then the flatness can be determined to a 
high degree of accuracy. ' 
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Consider the effect of viewing a surface containing a ‘vee’ groove of depth 
0-1 um, under an optical flat in light of wavelength of 0.5 um. The irregularity in 
the fringe pattern would indicate the depth of the groove as shown in Fig. 9.9. 

The distance between the fringes represents change in distance between the 
surface and the optical flat of half a wavelength, A/2. 


d À 
.. Depth of groove =— x5 


and in this case depth =0-1 ym 
A=0°5 pm 


It follows that the fringe irregularity, expressed as a fraction of the total 
fringe spacing, indicates the depth of surface irregularities in terms of the half 
wavelength of the light being used. 

A surface appearing as in Fig. 9.10 has a general fringe spacing of a with a 
scratch indicated by fringe irregularities of height b. 


Fig. 9.10. Diagram of fringe pattern showing a scratch 
in a flat surface. An actual microinterferogram of such 
a surface appears in Fig. 9.11(a). 


The depth of the scratches is therefore ox pm where à is the wavelength of 
light used. a 


This work cannot be done with the normal optical flat set-up, but it requires 
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(a) (b) 
Fig. 9.11. Microinterferograms of (a) the surface of a steel ball; (b) a scratch on a flat sur- 
face approximately à/a or 0°25 um deep. 
(Courtesy of Hilger & Watts Ltd.) 
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Fig. 9.12(6). Trace of replica of surface. Rg reading =3:45 ym. 
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a relatively steep angle to the optical flat, giving very fine fringes, and a micro- 
scope with high resolving power to enable them to be seen. Such a system enables 
interference systems to be observed on the surfaces of steel balls, the roundness 
of the fringes indicating the roundness of the balls, any surface irregularities 
appearing as irregularities in the interference fringes. An interference microscope 
suitable for this type of work is made by Messrs. Hilger & Watts, incorporating 
a camera enabling permanent records to be made. Microinterferograms produced 
with such an instrument are shown in Fig. 9.11 (a) and (b). 


96 REPLICA METHODS 


There are cases where the surface texture of a component is required but the 
surface is not readily accessible to the probe, and is not reflective enough for 
interference methods. It is often possible to obtain a trace by making a replica of 
the surface. This was originally done by damping a piece of cellulose-acetate film 
in acetone to soften it, and pressing against the surface until it hardened. By this 
method a reproduction fidelity of about 80% could be obtained. Modern tech- 
niques use epoxy and other resins, and approach 100% fidelity. A kit of this type 
is available from Taylor-Hobson, and Figs. 9.12 (a) and (b) are traces of the same 
surface taken from the actual surface, and from a replica, respectively. 


9.7 ASSESSMENT OF ROUNDNESS 

Roundness is a geometric property of a cylindrical workpiece, errors in which 
are caused by errors in the geometry of the machine producing the part. Thus, 
deviations from a perfect circle are errors in macro-geometry rather than micro- 
geometry and it may well be asked why is the assessment of roundness associated 
with surface texture in this work. There are two reasons for this, the first being that 
in rotary bearings the two factors affecting the efficiency of the bearing are the 
surface texture and roundness of the mating parts. The second reason is that much 
of the fundamental work on the assessment of roundness was carried out by the 
Taylor-Hobson division of Rank Precision Industries Ltd. and the main amplifier 
used in their Talysurf instrument is used in the Talyrond which they developed for 
the assessment of roundness. For these two reasons surface texture and roundness 
assessment tend to be associated although they are different types of measurement 
requiring different techniques. 


9.71 Roundness Testing Machines 


If a dial gauge could be caused to move ina perfectly straight line path, the plunger 
bearing against a supposedly straight workpiece, changes in the readings of the 
dial would consist of the errors in the straightness of the workpiece plus a com- 
ponent due to the misalignment of the surface datum and the liae of movement of 
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the dial gauge. If the misalignment component can be eliminated then the remain- 
ing variations in readings will be errors in straightness of the workpiece. 

Similarly, if a measuring instrument can be caused to move in a perfect circle, 
its detector or stylus bearing against a supposedly cylindrical workpiece, then the 
variations in readings will include deviations from roundness of the workpiece 
plus a component due to the misalignment of the axis of rotation of the measuring 
device and the axis of the workpiece. 

It follows that a machine for the assessment of roundness must include the 
following features: 


(a) A precision bearing, the axis of rotation of which gives an accurate datum 
for the measurement 

(b) A means of mutually aligning the axes of the work and bearing 

(c) A measuring device capable of amplifying errors in roundness 

(dì) A suitable recorder to give a visual indication of errors 

(e) A means of making a quantitative assessment of errors. 


These features are shown in the form of a block diagram in Fig. 9.13. Note that 
two alternative forms are available, one with a fixed table and rotating measuring 
head as shown, the other carrying the workpiece on an adjustable rotating table 
with a fixed measuring instrument. In either case the principles involved are the 
same. 


9.711 Bearings for Roundness Testing Machines 


The heart of any roundness testing machine is the bearing, for any errors in its 
manufacture which will cause a movement of the axis of rotation (run-out) will 
introduce errors in the final result which will be very difficult to isolate. The 
‘Talyrond’, probably the best known of the machines available, utilizes precision 
needle roller bearings. Such bearings are extremely expensive to produce to the 
accuracy required and in recent years their precision has been matched by air 
bearings in whick the moving surfaces are separated by films of air under pressure. 
These bearings are almost friction free and, if correctly designed, are extremely 
stiff, i.e. the deflection per unit load is very small. Such a bearing is used in the 
machine produced by Optical Measuring Tools Ltd. It was developed by the 
National Engineering Laboratory and is claimed to revolve on a constant axis to 
within 0-05 um. It must be emphasized that if the accuracy of these bearings is to 
be maintained they should not be rotated under conditions of metal-to-metal 
contact; that is before air pressure is applied. 


9.712 Alignment of Work and Rotational Axes 


This is usually achieved by mounting the worktable on a pair of coordinate 
Slideways as shown in Fig. 9.13. The adjustment of the table is by means of a pair 
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of fine thread screws, the alignment being initially set by eye, then with the machine 
on low magnification and finally at the desired magnification. 


9.713 Measuring Device 


The measuring probe may be moving on the rotating head machines or fixed 
on the rotating work machine. In either case the measuring probe will be remote 
from the recording unit and will normally require flexible connections to it. 
Measuring methods lending themselves to such applications are electrical and 
pneumatic gauging. 

The Talyrond machine uses electrical methods similar to those of the Talysurf 
(see 9.33) with their attendant advantages of easy change of amplification and an 
electrical output which can be used as the input to a special purpose computer 
which gives a direct reading of numerical assessment of non-roundness. 

The O.M.T. machine uses an air-gauging system with two levels of pneumatic 
amplification which can be changed simply by adjusting a valve which changes the 
area of the control orifice. A second method of changing the amplification is by 
changing the length of the stylus arm. As the distance from the fulcrum to the 
measuring jet is constant a change in stylus arm length produces a change in 
amplification. 


9.714 Recording Device 


In all of these instruments the recorders used are polar type rather than the 
linear type. Consider a perfectly round component being checked on a machine 
using a linear recorder. If the axes of work and rotation are misaligned the trace 
produced will be a sine wave whose amplitude will be equal to the misalignment 
multiplied by the magnification being used. If the workpiece deviates from true 
roundness then these deviations will be superimposed upon the sine wave and the 
two components will be very difficult to separate. If, however, the trace is produced 
on a polar recorder whose rotation is synchronized with that of the bearing, then 
the deviations from roundness -will be superimposed on a circle whose centre is 
offset from that of the recorder by an amount equal to the misalignment of the axes 
multiplied by the magnification. Thus the shape of the trace will be the same 
regardless of the magnitude of the misalignment, it will simply be in a different 
position on the recorder paper, and thus much easier to analyse. 

The Talyrond recorder is an electrical device, similar in principle to that used 
for the Talysurf, as indeed is the amplifier unit. The O.M.T. recorder is basically a 
large, extremely sensitive Bourdon tube type pressure gauge whose pointer carries 
a tracer pen which moves over the recorder paper. Both recorders use discs of 
Suitable paper which are caused to make one revolution as the measuring head 
makes one revolution, the motor drive being arranged to give just one complete 
revolution. : bow mn 
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9.72 Assessment of Roundness Errors 


It is important to note that it is the errors or deviations from roundness which are 
magnified and recorded. The mean diameter of the trace produced depends upon 
the initial setting of the machine and in any case it cannot exceed the size of the 
recorder paper. This can give a very misleading impression of the geometry of a 
workpiece, the effect being illustrated in Fig. 9.14 which shows traces produced 
from the same workpiece at different magnifications. The simplest way to.make a 
numerical assessment of non-roundness is to place over the trace a transparency of 
concentric circles and find by trial and error the position giving the minimum 
difference in diameter between the two circles which just contain, and are contained 
by the trace. The radial distance between these circles, divided by the magnification, 
is then the error in roundness. This method is not very satisfactory being based 
upon trial and error. Neither is it systematic, one operator possibly selecting the 
suitable inner circle first and another the outer circle first. These methods could 
give different results. 

B.S. 3730 suggests four methods of obtaining a numerical assessment of 
roundness from a trace, two being non-preterred and two preferred methods. They 
are all based on finding the centre of a particular circle and from that centre draw- 
ing the two circles which just contain and are contained by the trace. The deviation 
from roundness is the radial separation of the circles divided by the magnification. 
This would appear to be similar to the method suggested in the previous paragraph 
but it is the systematic method of finding the centre of the circles which is important. 


9.721 Plug Gauge Centre (PGC) 


This is the centre of the largest circle which is just contained by the trace. It is 
found by trial and error and will contact the trace at least at two points, possibly. 
more. The outer circle is also drawn from this centre and will probably contact the 
trace at one point. The deviation from roundness is then the radial distance 
between the circles divided by the magnification. . 


9.722 Ring Gauge Centre (RGC) 


The ring gauge centre is the centre of the smallest circle which will just contain 
the trace. Again it is found by trial and error and will contact the circle at a number, 
of points on its periphery. The inner circle is also drawn from this centre and dy : 
deviation from roundness is found as for the PGC, 

The above methods are both based upon triz} and error and different operators, 
could obtain different results. For this reason both are non-preferred. 
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Fig. 9.14. Roundness traces from outside diameter of a bearing 
bush at diferent magnifications. 
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9.723 Minimum Zone Centre (MZC) 


This is the centre of a pair of concentric circles, the annular zone between 
which is the narrowest and which will just contain the trace. The roundness error 
is then the width of this zone divided by the magnification. Although this centre 
is found by trial and error it ts, by definition, unique. The MZC is therefore a 
preferred method and is in fact the nearest method to that of using a transparency 
of concentric circles. Because of the trial and error element this method is not 
regarded so favourably as the Least Squares Centre method. 


9.724 Least Squares Centre (LSC) 


The least squares centre is the centre of a circle of radius R chosen so that the 
sum of the squares of the radial distances of all points on the trace from the circle 
is a minimum. Thus the circle is the equivalent of the best line on a graph drawn by 
the method of least squares. In fact the least squares circle is not normally drawn. 
Having found its centre the two circles are drawn from it which contain and are 
contained by the trace, the radial separation between these circles, divided by the 
magnification, representing the roundness error. 

The LSC is a unique position found mathematically and therefore all operators 
should get the same result. Its position can be found by choosing as an initial 
datum any point O within the trace. From this point a number of radial lines are 
drawn at equi-angular spacing as in fig. 9.15.* 


MAGNIFICATION x250 


DIFFERENCE IN 
RADI 25:3mm 


Fig. 9.15. Least squares centre. Calculation of roundness error. 


* Obviously the greater the number of puints used on the trace the greater will be the accuracy of the 
result but in practice little improvement is achieved if more than twelve divisions are used. 
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From the intersection of these lines with the trace the horizontal coordinates 
Xo Xe, Xa Xa etc., and the vertical coordinates y,, yo, y3, Ya, etc., are measured 
relative to point O. The coordinates X and Y of the least squares centre from this 
point are then found trom: 


n 
where 2x =sum of all values of x 
Zy=sum of all values of y 

n=number of positions considered 


This calculation is best set out in tabular form, the calculation below referring 
to Fig. 9.15. 


Position 


| 

2 

3 

: 28x 127 

5 X = —— = — = 10:58 mm 
6 12 12 

: 2Zy 135 

8 Be ine A ees he 

9 Y P P 11:25 mm 


Difference in radii = 25:3 mm 


Difference in radii 
Roundness error = —-~-—_.——.——- x 1000 um 
Magnification 


25:3 
= 750 x 1000 em 


=101:2 m 


9.73 Concentricity 


Apart frorn roundness other forms of error in surfaces of revolution can be 
checked using roundness testing equipment. 1f a component has been set up for 
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‘esting the roundness of its bore then by changing the measuring head to read on 
an outside diameter the two traces will be superimposed. The separation of the 
centres of the traces divided by the magnification will be equal to the eccentricity. 
Two such traces are shawn in Fig. 9.16. It should be noted that this should only be 
done if the instrument head is not raised or lowered. Such a movement may cause a 
realignment of the measuring head and work, which can induce an error, 


CENTRE SEPARATION = 26mm 


MAGNIFICATION = 5000x 
ECCENTRICITY = 26 ee ie. 


5000 


OUTSIDE 


= 5-2 um DIAMETER 
a 26mm 
INSIDE 
DIAMETER 


Fig. 9.16. Traces of O/D and I/D of bearing busn superimposed from same setting showing 
eccentricity. 


CHAPTER 10 


Statistical Quality Control 


10.1 INTRODUCTION 


THE previous chapters in this book tend to emphasize the fact that although 
accuracy is of great importance to engineers, absolute accuracy is unattainable. 
Even gauge blocks of the highest order of accuracy have manufacturing tolerances 
which are as small as a few millionths of an inch. These tolerances, whose magni- 
tude depends on the function of a component, are necessary to allow for the 
inherent variability of the production process. 

Consider a simple operation such as a capstan lathe set to part off lengths of 
bar stock. Within limits, the lengths parted off will be the same, but variations 
around the length at which the machine js set will occur. These variations may be 
due to a number of causes any one of which will be of negligible effect, but if all 
causes tend to produce a size increase then a piece of maximum length will be 
produced. Similarly, if all causes tend towards a decrease a piece of minimum 
length will occur, and if all causes work against each other their effects will be 
cancelled and a piece close to the set size will be cut off. 

These random variations are due to non-assignable causes. It is the function 
of a system of process control to distinguish between these and other, assignable, 
causes such as the machine setting changing, a grinding wheel wearing or a 
machine failure occurring. These assignable faults must he detected and corrected 
before defective pieces are produced. 

Apart from component production, faults can occur during assembly, and a 
large manufacturer buying in parts or sub-assemblies must control the quality of 
the goods he is buying. This also can be achieved by the intelligent application of 
Statistical methods. 

This chapter will therefore consider the wavs in which statistics can*ke used 
to perform these functions in an economical manner. However, it should be borne... 
in mind that there is no substitute for 100% inspection, and even then, human 
nature being what it is, faulty parts may be accepted by the inspector. 
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10.2/ PROCESS VARIABILITY 


è i è . . n . 
It has been pointed out in section 10.1 that all manufacturing processes, and 
deed many natura! ones, are subject to random variations. This may be showa 
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by a simple experiment which consists simply of measuring about 200 parts and 
recording their sizes. If simple parts such as dowel pins, produced by centreless 
grinding, are used their diameters should be recorded to the nearest 0-001 mm. 
This does not mean that their diameters should simply be noted. It would be a 
laborious operation and would yield little useful information. 

The most convenient way to record this information is to set up a ‘tally 
chart’, as in Fig. 10.1. The diameters of about ten dowel pins should be measured 
with a micrometer and their mean size found. A comparator of suitable magnifica- 
tion can now be set to this size and as each part is passed under the measuring 
head its deviation + or — from this mean size is noted by a mark on the chart, 
measurements being made to the nearest 0-001 mm unit. 


FREQUENCY 

sii 2 

4 d dt | 6 

4 34 OHH Ht Il 18 
O OOI mm 

UNITS ? Hr HH HH Ht H HHHH I 36 

Tage ttt Hr H ht ht h Htt IT 42 

o) Hre HH HH Hr HH Ht t 35 

1-H H HH i5 

2-4 H} Il 8 

O OOI mn 34 tli 3 
UNITS 

4A 1 

5 L 

TOTAL 166 


Fig. 10.1. Tally chart. 


This tally chart itself shows some of the characteristics of the process variabil- 
ity but they are better shown if plotted to scale as a graph of frequency against 
size. Such a graph, known as a frequency polygon, is shown in Fig. 10.2. 

This frequency polygon is a typical representation of a manufacturing process 
where size is subject to random variation. It can usually be shown that under these 
circumstances the frequency polygon is very similar to the normal or Gaussian 
curve shown in Fig. 10.3. 

The two axes of this curve represent the work size (horizontal) and the 
number of times each work size occurs, or frequency (vertical). The total spread 
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50 
42 
40 
35 36 
30 
20 
18 
15 
10 
6 
3 
l 2 
0 
5 4 32 1 0 1 2 3 4 § SIZE 
=- O©OOlmm UNITS + DEVIATION 
Fig. 10.2. Frequency polygon of results in Fig. 10.1. 
d = STANDARD 
DEVIATION 
25d 
FREQUENCY 


0:4 


3096 i 3:096 


8 > 
SIZE DEVIATION 


Fig. 10.3. Normal distribution curve fitted to results from 
Fig. 10.1. i 
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of the curve are the limits between which work will normally be produced, How- 

ever, a batch of parts may not give components of limiting size range, A better 

guide is the standard deviation which is the distance from the vertical axis of the 

normal curve to the point where its curvature changes from conyex to concave. 
The law of this curve is 


yal (an) 


in which 7 and e are the mathematical constants; X is the mean size; x is the 
size of the individual part; y is the frequency with which a size x occurs; and ø is 
the standard deviation. 


It is the properties of this curve which are important in quality control, the 
most important property being the fact that 99:8% of the area under the curve, 
which represents to some scale the total number of parts considered, lies within 
the range of +3-09o0 from the mean, i.e. all but 1 in 1000 at each tail. 

Thus, if a sample of say 2000 parts is taken, and the standard deviation calcu- 
lated, ‘t can be assumed that as long as the machine stays in control, no change 
taking place in setting or process variability, all parts produced except 2, one at 
each extreme, will lie within +3090 from the mean size. 


10.21 Calculation of Standard Deviation 


The standard deviation may be defined as the root mean square of the individual 
deviation from the mean size of the group and is given by the expression, 


a (x - x)? 
es, EF 


in which F is the frequency of a given variation.* 
The most convenient way to calculate o is by a tabular method as shown 
in section 10.4, the values of x and F being taken from the tally chart in Fig. 10.1. 
Assume that the comparator was set with gauge blocks whose size was 
6:005 mm. The columns in the table are as follows: 


Column I shows a list of the size groups used in which, for simplicity, the last 
digit only has been used. 

Column 2 shows frequency within each size group. 

Column 3 shows F x x, the product of frequency and size. 


From the totals of columns 2 and 3 the mean size, x, is computed. 


è x 2(Fx) 
oF 
PE (xe ey 
* A better value Js given by =A Ta where » is the number >f parts in the croup. 
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Frequency 
x 


(x-x)? | F(x - x)? 


OO WONNN & WH = 


— 


Fig. 10.4. Tabular calculation of standard deviation based on frequency distribution in Fig. 10.1. 


geo _ Fx 
Mean size X= SE 


-288 5-95 (0-001 mm units) 


434 
166 
, a =0:0016 mm 


Column 4 shows the deviation of each size group from the mean, i.e. (x - X). 


=1:6,, (0-00! mm units) 


(04 


Column 5 shows the square of the figures in column 4, i.e. (x - X)?. 
Column 6 shows the product of frequency (column 2) and deviation squared 
(column 5), i.e. F(x ~ x)’. 
Then o is obtained by dividing the total of column 2 into the total of column 6 
and finding the square root. 


In this process the standard deviation =0-0016 mm 
then process variability = + 3-090 = + (3-09 x 0016 mm) 
= +0049 mm (to nearest 0-0001 mm) 
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Therefore, at one machine setting, the size produced is unlikely to vary from 
the net size by more than +0-0049 mm. If a work tolerance of +0-005 mm was 
given then there would be a probability of some scrap being produced as soon as 
the setting changed, 1.e. if the grinding wheel or tool started to wear. 


10.22 Standard Deviation of the Average Size of Sub-groups 


If a large batch of parts was taken ard split at random into groups of, say, 5 parts, 
then the average size of the sub-groups could be measured. A little thought will 
show that these average sizes would be grouped more closely around the mean size 
than would the sizes of the individual items. Typical frequency distributions for 
the average sizes and the individuals are shown in Fig. 10.5. 


FREQUENCY DISTRIBUTION 
FOR AVERAGE SIZE OF RANDOM 
GROUPS OF 5 ITEMS 


FREQUENCY DISTRIBUTION 
' FOR INDIVIDUAL ITEMS 
IN A BATCH 


Fig. 10.5. Comparison of distribution curves for individual items 
and group averages based on results from Fig. 10.1. 


If og is standard deviation for group means and ap is standard deviation for 
individuals in the batch, then it can be shown that: 


Og =- where » is the number of items in the group 


a/n 


This point is most important in the application of these principles to control 
charts. 


10.3 CONTROL CHARTS 


If a machine is set to produce work.to a given size two changes in product quality 
can occur. These are: 
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(a) The mean size of the work produced may change, i.e. the setting has 
moved, e.g. tool wear has occurred. 


(b) The process variability may change, i.e. the size range of work produced 
has changed. This is usually due to something more fundamental in the 
machine. 


In either case scrap will be produced unless corrective action is taken. 
The effects of these two changes are shown in Figs. 10.6 and 10.7 in which, 
initially, the work was within specified limits. 


SCRAP 
UPPER WORK LIMIT 


NEW. 
MEAN SIZE 

z 

O 

z : 

E MEAN SIZE TOLERANCE 
u 

N 

A 


LOWER WORK LIMIT 


—— e 
TIME 
Fig. 10.6. Effect of mean size drifting during a process. 


SCRAP 
UPPER WORK LIMIT 


MEAN SIZE 
SIZE 
DEVIATION 


LOWER WORF LIMIT 


—— pm SCRAP 
[IME 


Fig. 10.7. Effect of a change in process variability. 


If these effects occur either singly or together, the final outcome will be the 
same—defectiye work which may or may not be reclaimable and which, if mixed 


with good work, will require 100% inspection to detect. 
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Thus control charts are required for controlling the setting size—average 
charts; and for controlling the process variability—range charts. 


10.31 Control Charts for Average 


The simplest form of control chart would be one on which the upper and lower 
work limits are shown and on which the size of every workpiece, as it is produced, 
is plotted. 

This would show both range and setting, but unfortunately it is simply an 
expensive method of 100% inspection, and therefore not an acceptable alternative. 

Consider an inspector coming to a machine at stated intervals, taking say 
five successive parts known as a sample, computing their average size and plotting 
this on such a chart. The average sizes of the groups would vary about the mean 
size and when the setting changed a dimensional trend in a certain direction would 
appear. The problem is to decide how far the sample average size can be allowed 
to drift. 

This can be seen from Fig. 10.8, which shows the upper and lower work 
limits, a distribution curve or individual items and a distribution curve for 
Sample averages. 


; _ UPPER WORK LIMIT _ 


d — — EE ee eo 


LOWER WORK LIMIT 


Fig. 10.8. Construction of a control chart for sample averages. 


It can be seen that the process can be allowed to drift an amount + O before 
there is a significant chance that scrap will be produced. 
Further from Fig. 10.5 it is known that 


oD 
VG = 
y/n 
, 3-090 
+ 3-090 ; = se OR spread of sample averages curve 
n 
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Therefore if the process remains in control (statistically) the points plotted 


for the sample averages should always be within na of the required mean 


size. 


However, the process can drift from this mean setting an amount + Q before 
scrap is produced, Q depending on the difference between the process variability 
and the work tolerance. 


Thus the maximum distance a sample average should be away from the mean 


maa 3:090 
size IS + (o+ : 
a/n 
be investigated, as the deviation is greater than that occurring due to random, 
or non-assignable, causes. 
The control chart for averages is drawn as shown in Fig. 10.9. 


) As soon as a point occurs outside these limits it should 


UPPER WORK LIMIT 


(FERRO ee hac 
CEE UPPER CONTROL LIMIT _ 
rane e pi a a 
COE AES 
meee or 
e E nae eek 
l HEH PEE Q 20822) 


de 
SIZE THI PE Hit F LOWER CONTROL LIMIT 


INSPECTION INTERVALS a WORK LIMIT 


Fig. 10.9. Control chart for average size of samples -—x chart. 


Immediately the points plotted show a definite drift to one side or the other 
of the mean size, the process should be treated as suspect. Before the trend reaches 
the control limits it can be stopped and the process reset. Note that in a process 
where the drift is usually in one direction, aS on a grinding cperation where wheel 
Wear occurs, the resetting can be purposely towards the other control limit, thus 
ensuring larger runs between resetting. 
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10.311 Simplified Method of Setting Control Limits 


Fixing the position of the control limits relative to the mean size would 
appear to be a laborious process if the method previously described involving a 
calculation of the standard deviation, is used. However, it should be realized that 
this is intended to illustrate the fundamentals of the system. The standard devia- 
tion is in fact a measure of the range of work sizes which will be produced in a 
given process at one setting. Thus there should be some relationship between 
standard deviation and the size range in the samples inspected and plotted on the 
chart. This is so, and it greatly simplifies the work in setting up a control chart. 

When a chart is in operation the inspector taking the sample and plotting its 
average size, should carry out his calculation on a properly designed data sheet, 
not an odd scrap of paper. If this is done then the same data sheet can be used in 
setting up the chart. 

To set up the chart the inspection frequency and the sample size should be 
decided upon, and this form of inspection carried out, in association with the 
existing method. Having noted the sizes of the individuals in the sample the 
inspector computes the average size of the sample and also the sample range, i.e. 
the difference between the maximum and minimum sizes in the sample. Thus over 
a period of time a number of values of sample range, denoted by w, are available. 

The average value of the sample ranges is now computed. 

Mean sample range -5-2 
8 
where ns is the number of samples taken 
. It has been shown that a measure of process variability is the standard devia- 
tion, but to control the process variability it is proposed to plot the sample range 
on a control chart. It follows that there is a connection between the sample range 
and the standard deviation, i.e. 
feu Bi a 
a/n 
where A is a constant which depends on the sample size n. 

Control limits may now be set at the specification mean + Aw. This takes no 
account of the relationship between the work tolerance and the process variability 
and makes no provision for the process to be allowed to drift the amount Q. To 
determine whether the process may be allowed to drift before corrective action 
is taken, the Relative Precision Index (R.P.I.) is used. This relates process varia- 
bility to work tolerance by 


RPL _work tolerance 


Having calculated the R.P.I., Table 4 on page 219* is examined against the 


* Taken from B.S. 2564. 
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appropriate sample size to see whether the process is of low, medium or high 
relative precision. 

If low, the process is unsatisfactory and likely to produce a proportion of 
defective work, i.e. Q is negative. 

If medium, the process is satisfactory and, if well controlled, will produce no 
defectives. In this case Q is zero and the process will require frequent adjustment 
to maintain satisfactory control. The control and warning limits can be set by 
multiplying w by the appropriate values of the constant A’ in Table 2 on page 218. 

If the process is one of high relative precision a drift can be allowed to take 
place before the setting is adjusted, i.e. Q is positive. In this case the control chart 
limits are found by multiplying w by the appropriate constants in Table 5. In 
this case, to allow for the process to drift, the limits are set in from the work limits 
by an amount A“w. 

Thus in all cases the control chart limits are set by multiplying the mean 
sample range w by constants provided in tables in B.S. 2564. 


10.32 Control Charts for Range 


It was shown in section 10.3 that, as well as a control chart for averages, a range 
chart to control the process variability is required. The control limits for the range 
chart are set in a similar manner to those for the average chart, i.e. constants 
have been arrived at which, when multiplied by the mean sample range, w, give 
the positions of the upper and lower limits for the range chart. These con- 
stants are shown in Table 3 of B.S. 2564 overleaf. 


(Text cont. on page 220). 
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Extracts from B.S., 2564; 1965 are reproduced by permission of the British 
Standards Institution, 2 Park St., London W.1, from whom copies ‘of the complete 
standard may be obtained. These tables are numbered as in the original. 


TABLE 2 
Control Chart Limits for Sample Average (X) 


To obtain limits multiply w by the appropriate value of A’».925 and A’o.o0) 
then add to and subtract from the gross average value or agreed objective (X). 


For For 
Sample size | inner limits | outer limits 
n A’o.025 A’ 0.001 

2 
3 
4 
5 

6 | 0-32 0-50 

TABLE 3 
Control Chart Limits for Range (w) 


To obtain limits multiply w by the appropriate value of D’. To estimate 
standard deviation, ø, divide w by the appropriate value of dn. 


For standard 
deviation 


* The lower limits are not generally used. 
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TABLE 4 
Classification of Process Variability Relative to Specification Tolerance 
Relative precision index. (R.P.I.)= specification tolerance/average range. 
Note: This table should not be used if the range is out of control. 


Low relative Medium relative High relative 
Class precision precision precision 


Sample size 


R.P.I. R.P.I. R.P.1. 


c... eee mmm o moam ma aa 


less than 6:0 6:0 to 7:0 greater than 7:0 
less than 4-0 4:0 to 5-0 greater than 5-0 
less than 3-0 3-0 to 4:0 greater than 4-0 
5 and 6 less than 2:5 2°'5 to 3-5 greater than 3-5 


State of Unsatisfactory.* Satisfactory, if Satisfactory, if 
production. Rejections averages are averages are 
inevitable. within control within modified 
limits. limits. 


en 


* Not necessarily, if the specification permits a small proportion of the product to be outside the 
limit. In such cases the limiting values for low relative precision can be 0:8 of those given above. 


TABLE 5 
Modified Control Chart Limits for Sample Average () 
High precision class 


To obtain the limits, multiply w by the appropriate values of A’»o.92; and 
A’ o.001, then add to the lower drawing limit and subtract from the upper drawing 


limit. 
| For alternative* | 
For inner For outer modified limits 


Number in modified modified a rr 
sample limits limits Inner | Outer 
n A" o.085 A".001 A" 9.025 A" 5.001 
2 1-51 (083)t | 0-80 (0-12) | 2-32 6i | 
3 1:16 (0:71) 0:77 (0:32) 1-70 1-31 
4 1-02 (0:65) 0:75 (0:38) | 1:46 1:19 
5 0:95 (0-62) 0:73 (041) | 1:34 1-12 
6 0-90 (0:60) | O71 (042) | 126 į 108 l 
| 


When the inner and outer limits are close together, one of them can be 
Omitted. (See also Part One, Section B4 c, page 24.) 


* To provide higher assurance against manufacturing rejects. ; 
t The alternative figures in brackets may be used when the bulk is permitted to contain a small 
Proportion of rejects and the R.P.J. exceeds the value given in Column 2, Table 4. 
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A lower control limit for range may seem an anomaly, and in many cases it is 
not used. However, it should be remembered that statistically the range will be 
within the control limits and if it goes higher or lower it is due to an assignable 
cause. If a point on a range chart falls outside the upper control limit, the process 
shoulgl be stopped and investigated. If a point falls outside the lower control limit 
it means that for some reason the process variability has decreased and the process 
has improved. If the cause can be found it may be possible to incorporate the 
improvement in future similar operations and the overall quality improved. 


10.33 Summary of Procedure in Setting up a Control Chart 


This summary shows, step. by step, the setting up of a control ohart, and should 
be read with reference to Fig. 10.10 and Fig. 10.11 on facing pages 222 and 223. 
The data used is that from the tally chart in Fig. 10.1 and the data sheet, Fig. 10.10, 
may be used for both setting up and running a system of control charts. 

It is recommended that the data sheet be printed on the back of the control 
chart, which should be of squared paper. They can then be kept in a transparent 
envelope at the machine in front of the operator, and filed when completed. 


Step 1. Decide on the sample size n and the frequency of inspection. These 
should be chosen to give a total of 10-20% of total production. A good sample 
size is 7, but 5 is more convenient for computing averages. 


Step 2, Take samples at the decided frequency and record their sizes on the 
data sheet. 
Step 3. For each sample calculate sample average and sample range w. 


Step 4. When enough parts (80-100) have been inspected and recorded calcu- 
late the mean sample range w. 


Step 5. Calculate Relative Precision Index. 


RPL _work tolerance 


Step 6. Find limits for x chart using Table 2 or Table 5 (B.S. 2564), depending 
on R.P.I. 


Step 7. Set control limits for range chart using constants from Table J: 


10.4 CONTROL CHARTS FOR NUMBER DEFECTIVE 


There are many cases in industry where the use of control charts is desirable, but ‘ 


is not possivle in the form shown in section 10.3, Such cases are those where 


control of a manufacturing process by controlling a few dimensions is not con- | 
venient. Consider a production lino producing an assembly which is to be checked - 


1 


4° 


220 


Statistical Quality Control 


by the customer by a sampling system which is based on the process producing 
an average of 2% defectives. It is desirable to ensure that on average the process 
is not producing an excess of 2% defectives. Other cases are those where complete- 
ness of the product rather than dimensional accuracy is required, e.g. the com- 
pleteness of a plastic moulding or diecasting. 

In instances such as these, a control chart for the number in a sample which 
are defective is desirable. These are number defective control charts in which the 
control limit is set at a value, for a given process average percent defective, above 
which the number defective in the sample will rise due only to an assignable cause. 
Variations in number defective in the sample below this level are to be expected 
and may be considered due to non-assignable causes. 

If a process is running at an average of G% good parts and BY, i.e. (1 -G%) 
defectives, and samples of n parts are taken, the number of defectives in the sample 
will vary around B% of n, which will be the ‘expected’ number of defectives in the 
sample. The distribution of the variation of the number of defectives is described 
very closely by the Poisson Probability Distribution, which is discussed in section 
10.62. 

Let x=expected number of defectives in the sample 


=B% of n where n=sample size 


Each term of the expansion of ee? is the probability of 0 defectives, 1 defective, 
2 defectives, 3 defectives, etc., appearing in the sample. Consider a process 
running at 2:5% defectives, a sample size of 150 being used. 


x=2:5% of 150=3:-75 
and e~7=0:0235 (from tables of e-) 
xve* peT xte xe 
A ae | aa S 
=0:0235 -+ 0-088 + 0:163 + 0:206 + 0-194 +0°145 + 0-091 + 
0-049 -+ 0-028 + 0-0095 + 0-0035 


x x 


Nowe “*e*=e *+xe *+ +... 


To set the control limits on this type of chart it is necessary to determine the 
probability with which ‘n’ or more defectives will occur in sample, for different 
values of ‘n’. The control limits are then usually set at that value of ‘n’ or more 
having a probability of 0-05 for the Warning Limits and that value of ‘n’ or more 
having a probability of 0-005 for the Action Limits. These are often known as the 
1/20th and 1/200th limits respectively and can be found from tables published in 
B.S. 2564. The method detailed below, however, enables the limits to be 
determined to any probability level required. 

From the foregoing figures obtained from the expansion of e~*e* it can be 
seen that, if the expected number of defectives in a sample is 3-75 then: 


Probability of O defectives in a sample = 0:0235 
Probability of / or more defectives in a sample = 1 —.0-0235 = 0:9765 


Similarly: 
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Probability of Z or less defectives = 0-0235 + 0-088 = 0:1115 
Probability of 2 or more defectives in a sample = 1 — 0-1115 = 0-8885 


Continuing in this way, letting P = probability, so that P(2 or more) represents the 
probability of 2 or more defectives in the sample, the probability values for a 
series of values of ‘n’ or more defectives in the sample can be set out as follows: 

i 


P(0) 0:0235 P( 1 or more) = 1 — 0:0235 = 0-9765 
P(1 or less) = 0:1115 P( 2 or more) = 1 — 0:1115 = 0:8885 
P(2 or less) = 0:2745 P( 3 or more) = 1 — 0:2745 = 0-7255 
P(3 or less) = 0-4805 P( 4 or more) = 1 — 0-4805 = 0:5195 


1 — 0:6745 = 0:3255 
1 — 0:8195 = 0-1805 


P(4 or less) 
P(5 or less) 


0:6745 P( 5 or more) 
0:8195 P( 6 or more) 
P(6 or less) = 0-9105 Pt 7 or aa 1 — 0:9105 = 0-0895 __ 9.95 
P(7 or less) = 0-9595 P( 8 or more 1 — 0:9595 = 0-0405 


P(8 or less) = 0-9875 P( 9 or more) = 1 — 0-9875 = 0: 0125 _ 0-005 
P(9 or less) = 0-997 P(10 or more) = 1 — 0-997 = 0-003 


From the above table it can be seen that: 


‘n’ or more defectives occur with a probability of 0-05 
when ‘n’ is between 7 and 8 

‘n?’ or more defectives occur with a probability of 0-005 
when ‘n’ is between 9 and 10 


As the number of defectives in a sample is always a whole number the author 
sees no great merit in determining precisely where the probability levels of 0-05 
and 0-005 occur and suggests that the limits should be set at 7:5 and 9-5 
respectively as shown in fig 10.12. 

It is recommended that the minimum sample size used for this type of control 
chart is chosen to give an expectation of at least one defective per sample. Thus, 
with a PA% defectives of 2:5% the minimum sample size wou!d be 100/2:5 = 40. 
If the process average % defective is not known then it can be determined by 
taking a number of samples when the process is running normally and finding the 
average number of defectives in these aa 


CANNES 
ANT TATA TT FEA, ea AEE 
TTT FPA TEHTA 

Pesci Woe re Pet edhe decd eda. fetes 
PARR ERR EARS 
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Fig. 10.12 Control chart for number defective. 
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10.41 Compressed Limit Gauges 


As described above, control charts for number defective are suitable for final 
inspection on assembly lines and possibly plastic moulding and diecasting opera- 
tions etc. In the case of machining processes the PA% defectives will be normally 
so low that the sample size will be excessively large and the technique impractical. 

In such cases this type of chart can be used, the work being inspected using 
limit gauges set well inside the work limits so that they will always tend to reject a 
small proportion of work although it is not defective. This artificially high % 
rejects enables the chart to show when a significant change takes place in the 
process before it starts producing defective parts. 

Parts rejected by the compressed limit gauges. A more detailed description of 
the use and design of compressed limit gauges is available in B.S. 2564. 


10.5 SAMPLING INSPECTION OF INCOMING GOODS 


Most industrial organizations buy in a considerable proportion of components 
and sub-assemblies from specialist manufacturers. In order to protect their own 
reputation, and that of their suppliers, it is necessary to control the quality of 
these goods. Quality assessment of large batches of parts can be carried out by 
three methods: 


(a) Spot checking. This consists of inspecting a small sample here and there 
and hoping that the results are a reflection of the quality of the batch. 
The method is cheap but risky and furthermore, the risks are unknown. 


(b) 100% inspection. In terms of quality this method, which consists of 
inspecting every single item, is undoubtedly the best. Due to fatigue, 
operator boredom, and distraction, it is not 100% reliable. It is also very 
expensive. 


Statistical sampling. This technique requires a sample whose size has been 
carefully calculated, to be selected at random from the batch. If the sample 
contains less than x defectives, the batch is accepted. If there are more 
than y defectives, the batch is rejected and returned to the supplier for 
100% inspection. 

Sampling inspection cannot replace 100%, inspection in many cases, but where 
it does the system is considerably less expensive. Furthermore, the risks involved 
are known and can be allowed for in costing, expected warranty claims, etc. 

Such systems are based on: 

(a) The sample being representative of the batch. 

(b) A knowledge ofthe probability of acceptance (or rejection) of a batch 
containing a given percentage of defective items. 


( 


LB 


It follows that some knowledge of simple probability theory is required. 
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10.6 SIMPLE PROBABILITY THEORY 


Probauility is measured on a scale of 0 ta 1, An event that is certain to occur has 
a probability of 1. An event that is certain not to occur has a probability of 0. 
Thus death and rent day have a probability of 1, and a win on the football pools, 
having forgotten to post the coupon, has a probability of 0. All other probabilities 
fall between these extremes. 

Further, if an event that occurs can do so in different ways, then the sum of 
the probabilities of the individual methods of occurrence is 1. 


10.61 The Binomial Probability Distribution 


If a pack of cards is shuffled and one card drawn from the pack then the prob- 
ability of it being red or black is equal. The probability of red is 0:5 and of black 
is 0-5. Let us write down the alternatives. These are: 


RorB 
and substituting the individual probabilities we get 
0:5+0°5=1 
Doing the same thing if two cards are drawn we get 
RR or RB or BR or BB 
Now RB and BR amount to the same thing so we get 


RR +2BR +BB 
(0:5 x0:5)+(2 x 0°5 x 0°5) +0°5 x 0°5) 
0:25 + 0:5 +0:25 =] 


.'. The probability of both cards being red is 1 in 4 or 0:25 
si 5 „ both cards being black is 1 in 4 or 0°25 
‘3 + „ red and black cards is | in 2 or 0:5 


Similarly if three cards are drawn the possibilities are: 
RRR RRB RBR BRR BBR BRB RBB BBB 


ee o 
RRR 3RRB 3BBR BBB 
0-53 + (3x053) + (3x0-5%)+0-53 =] 
0125 + 0375 + 0375+0-125 =] 


., The probability of 3 red cards is 0-125 or 1 in 8 
=f Js „ 2 red cards and | black card is 0-375 or 3 in 8 
+ 5 ,, 2 black cards and | red card is 0-375 or 2 in 8 
N 5 , all black cards in 0:125 or 1 in 8 
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An examination of these three cases 
R+B 
R*+2RB + B* 
R3+3R°B+3RB* +B? 


shows that they follow the binomial expansion. 

This theorem in fact describes very well the probability of an event occurring 
in a given way. In fact if an event can occur in two ways, red or black, right or 
wrong, defective or acceptable, and n events occur, then the successive terms of the 
expansion are the probabilities of the different methods of occurrence, i.e. 


n(n -1)R-2)B2 n(n-1) (n-2)R-9 BS 
aie | anna De ee ae ee Pauc 


If the individual probabilities of R and B, in the case of the cards 0-5 and 0°5, are 
substituted for R and B in the expansion then the successive terms are the prob- 
ability of all red; 1 black; 2 black; 3 black cards, etc. 

Consider now a bin of components containing R% good work and B% bad 
work. If a sample of n components is taken then the successive terms of the expan- 
sion of (R+ B)” give the probabilities of the sample containing 9, 1, 2, 3, etc., 
defective - parts. For instance, if the work contains 10% defectives and 90% 
acceptable parts, and a sample of 40 is taken we get 


40 x 39(0-90)3*(0-10)? 


(R+B)*®=R®+nR-DB+ 


(0:90 + 0:10) = (0-90) 4° + 40.(0-90)5*(0-10) + aaa, eer a 
=0:0148 +0-065 + 0:142... 
.. The probability of 0 defectives in the sample is 0-015 
3? 9 99 1 defective 99 89 > 99 0-065 
» 9 „ 2 defectives ,, ,, a n 0142 


Further to this the probability of 1 defective or less is the sum of the first two 
terms =0:015 +0:065 


=0-:080 
The probability of 2 defectives or less=0-015 +0-065 +0°142 
=0:222 


10.62 The Poisson Probability Distribution 


Calculation of probability by the binomial system is obviously laborious. Another 
expansion which relates very well to this work is given by the expansion of e7e-* 
in which the successive terms are the probabilities of 0, 1, 2, 3, ete., defectives 
in the sample, and x is the expected number of defectives in the sample. 
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Now e-7e2=e° = 1 


x? x 
and e-7e7=e (1+x tay t3pete) 
=e-Z4ye-2%4° i cous etc 
r A P 2! 31 een ° 


As tabulated values of e-7 are available in normal mathematical tables, log 
tables, etc., the computation is fairly simple. 

Taking the previous case of 10% defectives in the batch and a sample size 
of 40 we get, 


x=10% of 40 
=4 defectives expected in a sample of 40 
42e-4 43e-4 


*, e-tet%= CAG ing ag E 
-4 4 
= e4+4e44+ we a. 


=0-018 +0-072 + 0-144 +0-192... 
i.e. The probability of 0 defectives in the sample =0-018 


n 5 „ l defective ,, ,, ,, =0-072 
5 i „ 2 defectives ,, ,, ,, =0:144 
z w ,, 3 defectives ,, ,, 4, =0:192 
and the probability of 1 defective or less =0-018 + 0-072 
=0-090 
The probability of 2 defectives or less =0-018 +0-072 + 0-144 
=0-234 
and so on. 


Examination of these probabilities shows how similar this distribution is to 
the binomial distribution in section 10.61, the results for the same problem being 
very similar, but much more easily arrived at. 


10.7 CHARACTERISTICS OF SAMPLING SYSTEMS 


Assume that a sampling system has been decided upon in which the following 
instructions are given to the inspector: 


‘From an incoming batch take a random sample of 40 components. 
If the sample contains | defective part or less accept the batch. 
If the sample contains 2 defectives or more reject the batch.’ 

This system is denoted as 40/9. 

It is necessary to know the probability of a batch being accepted (or rejected) : 
if it contains a given percentage of defectives. In section 10.62 it was shown that; 
the probabilities of 0, 1, 2, 3, ... n, defectives are the successive terms of the.’ 
expression e~7e%, ee 
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In this case we require the sum of the first two terms for the probability of 
acceptance, as the allowable number of defectives in the sample of 1 or less 
(i.e. 1 or Q). 


i.e. Probability of acceptance =e~7 + xe-2 
in which x is the expected number of defectives in the sample 


*, x=nx % defectives in the batch 
where n =sample size 


The best way to show the characteristics of the system is to plot a graph of 
probability of acceptance against percentage of defectives in the batch. Such a 
graph, shown for this sampling system in Fig. 10.13, is called the operating 
characteristic curve. 

The points are best found by tabulating the functions in P=e-7+xe-7 as 
shown below. 


Percentage Probability 
Defectives of Acceptance 
in Batch P=e-7+xe-2 


‘5 
‘0 
5 


0 
l 
l 
2 
3 
4 
5 
6 
7 
8 


Plotting the first column against the last column we get the operating characteristic 
curve shown in Fig. 10.13. 

It should be noted that this operating characteristic curve does not depend 
on the batch size. In fact a given sampling plan will give the same O.C. curve for 
any batch size as long as the sample does not exceed about 20% of the batch. 

If a larger sample, and acceptance number, is used the plan becomes more 
discriminating, i.e. a greater number of good batches are accepted and a greater 
number of bad batches rejected. This alone tends to keep the supplier on his toes. 
The difference in discrimination is shown in Fig. 10.14 in which O.C. curves are 
compared for sampling plans for 40,/, and 180,7, (i.e. sample size = 180. Accept 
the batch if the sample contains 3 or less defectives). 
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Fig. 10.13. Operating characteristic curve for sampling 
system. 


The tabulation for 180), is given below. 


Percentage 
Defectives 
in Batch 


0-366 0-163 0-049 


0-18] 0-245 0-216 
0-097 | 0-175 0-209 
0-027 0-073 0-13! 


xet = x3e-2 
Note P=e-7+xe-7+- zi 


3! 


ie xe? xe? 
e 2! 31 


0-297 | 0267 | 0-140 


Examining these diagrams it is seen that if a batch contains 4% defectives, 
then in both cases it has a probability of 6-98 of being accepted. If a batch has 
13% defectives then the sampling plan 40,/, gives it a probability of 0:88 of being 
accepted while the 1803/4, gives a probability of 0-71 of being accepted and, as the 
percentage defectives in the batch increases, this divergence in the probability of 
acceptance grows. 
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NOTE THE VALUES OF P FOR 
C3 BATCHES CONTAINING 
05% AND 2% DEFECTIVES 
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o 
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Fig. 10.14. Comparison of O.C. curves for 40; and 180; 
sampling systems. 


Two problems now arise. The above two sampling plans were selected arbi- 
trarily but in practice we require the most economic sampling plan. Further, we 
need to know what percentage defectives are passed into the stores through a 
receiving inspection department operating a sampling system. 


10.8 ECONOMIC SAMPLING PLAN 


Any sampling system is fraught with risks. The immediate questions are (a) what 
is the worst batch acceptable? known as lot tolerance percent defective (L.T.P.D.) 
and (b) what risk can be taken of accepting a worse batch than L.T.P.D. due to 
an optimistic sample? This is known as the consumer's risk. 

Any sampling plan chosen must have an O.C. curve passing through the 
point defined by the consumer’s risk on the probability of acceptance axis, and 
L.T.P.D. on the percentage of defectives in the batch axis. A number of sampling 
plans will give O.C. curves passing through this point. The most economic plan 
is the one which gives the required degree of protection for the least total amount 
of inspection per batch. 

In any system all batches have a sample of size n inspected. 

All batches rejected have the remainder (N - n) inspected 100%. 

Now in the long run a process will produce, when running normally, an 
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average percent defectives, known as the process average. The producer takes a 
risk that, when running at process average, a pessimistic sample will reject an 
acceptable batch. 

Then the total inspection per batch J in the long run, for a given sampling 
plan is given by 


” I=n+(N -n)R where N =batch size 
n=sample size 
R=producer’s risk at P.A. 


It is seen that J is a function of batch size and R is a function of sample size. 
If J is plotted against sample size for a given batch size a curve of the type shown 
in Fig. 10.15 is obtained. 

This gives the most economical sample size for this batch size. 

This computation is fairly complex and space limits a more full explanation. 
However, the most economical plans for L.T.P.D. and consumer’s risks are 
published by Messrs. Dodge & Romig, piuneers of this type of work, in their book 
Sampling Inspection Tables published by Wiley, 1959. 


AVERAGE TOTAt INSPECTION PER BATCH,I 


0 | 2 3 4 
ACCEPTANCE NUMBER 


Fig. 10.15. For particular batch size and 
degree of protection there is a sampling system 
which requires the least total inspection per 
batch in the long run. In this case it is the 
system which allows the batch to be accepted 
if the sample contains three defectives or less. 
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10.81 Average Quality Level Passing to Stock 


This is known as average outgoing quality level (A.O.Q.L.) and for a given 
sampling plan can be easily computed from the O.C. curve. 

Consider the sampling plan 180,,, and assume that a 1000 batches of 1000 
parts, all batches containing 1% defectives, have been inspected, using this plan 

Now 1000 batches of 1000 gives 1 000 000 components. 

From the O.C. curve at 1% defectives 86:9% of the batches will be accepted. 

The remaining batches, 13-1% of 1000 will be rejected. Therefore 131 000 
parts are rejected. 

Now of the 869 000 parts accepted 1% are defective. Therefore defectives in 
stock are 8690. 

Now if the 131 000 rejected items are 100% inspected and each defective part 
is replaced by a good item, and then returned, the total parts in stock are 1 000 000 
of which 8690 are defective. 


Best 8690 : 
.. Percentage defectives in stock = 1000 000 * 100 =0-869 % 


Now 0:869% = Percentage defectives in batch x Probability of acceptance 
A.O.Q.L. = Percentage defectives in batch x Probability of acceptance 


Tabulating the results for the 180,/, plan we get 


Percentage | Probability 
Defectives of A.0.Q.L. 
in Batch Acceptance 


Plotting A.O.Q.L. against percentage defectives in batch, a graph as in Fig. 10.16 
is produced. 

Thus the worst possible A.O.Q.L. is likely to be approximately 1:1% and 
it is unlikely that this will be reached. The limit will only occur if all batches come 
in at about 1:7% defectives, which is unlikely. As soon as batches arrive with a 
greater or lower percentage defectives, the percentage defectives passing to stock 
is reduced. The good batches have few defectives and the system ensures that the 
majority of the bad batches receive greater attention. 
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Fig. 10.16. Graph of A.O.Q.L. plotted against 
percentage of defectives in the batches. 


10.82 Double Sampling 


The single sampling system described in the previous section greatly improves the 
economics of inspection. However, it must be realized that inspection of any item 
is usually more complex than looking to see if it is the right colour. Complete 
inspection of a sample of 180 units represents a lot of work. 

Now if a batch is very good or very bad a small sample will detect it. This 
was recognized by Dodge and Romig who devised a system of double sampling 
to reduce the total inspection. In this system the inspection instructions are as 
follows: 


(a) From a batch select a random sample 7. 
(b) If the sample contains x defectives or less accept the batch. 
(c) If the sample contains y defectives or more reject the batch. 


(d) If the sample contains more than x but less than y defectives select a 
further sample of n components. 


(e) If the total sample (n) + n2) contains less than y defectives accept Ns 
batch. 4 


(9) If the total sample contains y defectives or more, reject the batch. 


The Dodge-~Romig tables also contain details of this double sampling system; 
and should be consulted for further details of this type of work. ae 


a „` 
ve, 
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10.9 CONCLUSION 


Many books, some extremely lengthy, have been written on the subject of 
statistical quality control. This chapter can only condense the essential ingredients 
into what is hoped is a digestible form. It is intended to stimulate interest in this 
subject which, like those discussed in other chapters, is a tool of the inspector and 
metrologist, the importance and coinplexity of which is constantly growing. 

It is further emphasized that the application of statistics is not the cure to all 
industrial ailments; but the procedures, and their results, suggested in this chapter 
generally hold good in the long run. One sample does not give detailed 
information about one batch, but over a period of time a series of samples gives a 
great deal of information about a lot of batches. 

More recently the introduction of statistical process control, particularly in 
conjunction with the applications of computers to recording, analysing and 
presenting data, has brought about a reawakening of interest in the applications of 
statistics to controlling manufacturing processes. This is discussed in some detail in 
Chapter 11, section 11.5. 


CHAPTER 11 


Computers in Metrology 


11.1 INTRODUCTION 


WHEN this book was first published the authors were introduced to computers and 
computing by attending a course run by two colleagues. The work was all in 
FORTRAN and each line of a program was written in pencil on programming 
sheets, which were then passed to an operator. Using a machine similar to a Telex 
keyboard the operator typed out each line of the program, which was then 
produced as a series of punched cards, one card per line of program. 

The stack of cards, which for complex programs could number hundreds, 
was then sent to the local Town Hall, where the program was run overnight on a 
mainframe computer and returned the next day. Any errors had then to be 
detected and corrected, the faulty cards being replaced by ones with the error 
eliminated. 

Visual display units were not available and any editing of the program during 
writing was by using an indiarubber; in fact, if erasers had not been available 
programming would have been much more difficult than it then was. 

That computer, at today’s prices, would cost about £2,500,000. It was housed 
in an air-conditioned room and the power required to run the air-conditioning 
plant would today cost a small fortune. The high speed printcr was remarkable 
and would print out 600 lines per minute but compared with modern equipment 
the computer itself was not very sophisticated. 


Today, one of the authors ts sitting at home typing this work on his own 
computer/word processor with all the editing facilities that go with modern 
microcomputers. The computer programs used have been produced on the 
machine, debugged and run to give the results shown in the text. This much 
greater availability of computers, due to their lower initial and running costs, is a 
major reason for the ever increasing use of computers in industry. 

More recently, developments in measuring equipment which enable the 
output signals to be presented digitally have led to the interfacing of the measuring 
equipment with computers.. In this way the measurements can be processed, 
presented graphically, stored and compared with earlier data from the same 
process, presented as statistical data on control charts and used to control the 
process. The computer does this by making measurements during the 
manufacturing process which are fed into the computer numerical contro 
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(C.N.C.) equipment, which is programmed to control the machine producing the 
part. 
This chapter will therefore be presented in the following order: 


11.2 Application of computers to standard metrological calculations 
11.3 Application of dedicated microprocessors to specialized equipment 
11.4 Applications to coordinate measuring machines 

11.5 Applications to statistical process control 


11.6 Interfacing measuring systems with machine control systems 


11.2 APPLICATION OF COMPUTERS TO STANDARD 
METROLOGICAL CALCULATIONS 


For much metrological work it is difficult to make out a case for using a computer. 
The measurement and determination of simple effective diameter of a screw 
thread, or the effects of pitch errors (Chapter 8), can easily be carried out using a 
calculator. Indeed, in the case of the simple effective diameter the P factor 
required is usually given on the calibration charts provided with the measuring 
wires and the calculation is then one of simple addition. Even the case of the base 
tangent measurement over gear teeth (see section 7.103), which requires 
substitution in and evaluation of a fairly long formula, can be greatly simplified by 
virtue of the fact that the final result, W, is a function of the module, M. If the 
value of W is found for all gears of 1 mm module from, say, 20 to 120 teeth and 
published as a table, then the only calculation necessary is to find from the table 
the value of W for a gear of that number of teeth and multiply the tabulated value 
by the module M of the gear being measured. Such tables are published but, if 
necessary, it is the production of such a table to which a computer lends itself, not 
the calculation for a single gear. 

In fact the writers believe that where only simple calculations are necessary 
the most useful purpose the computer can serve is for the storage and updating of 
results such as gauge calibrations, as long as it is ensured that the data cannot be 
corrupted. 

It follows that the use of computers for individual calculations is best applied 
to cases where long and tedious tabular calculations are necessary. The appendix 
to this work presents a method of correlating results of a series of straightness tests 
to determine the deviation from flatness of a surface table. In early editions of this 
work the authors concluded then that the graphical method suggested might be 
very useful if no computer was available. Now computers are available, and make 
this task much easier. 

The authors do have one strong reservation about the use of computers in 
metrology. Given a job like the checking of a straight edge with an auto- 
collimator, a fairly simple, user-friendly program can be written, as will be shown, 
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to process the results. Thus all the operator needs to do is take the readings and 
follow the instructions the program gives. The results are then printed out or 
displayed at will withaut the operator needing aay concept of the principles 
involved in the caleulatigns. Indeed the program shown on page 239 could easily 
be made to print out only the final error column. It is the authors’ opinion that, in 
such cases, the computer should be used as a tool to take the drudgery out of 
calculations but the operator should still be aware of the principles involved in 
bogh the measurement and the calculations necessary to produce the results in the 
form required. This may be arguable in modern industry but when teaching this 
subject, both authors insisted that the students understood the principles of 
calculation before they were introduced to the computer program which did it for 
them. 


11.21 Application of Computers to Tabulated Calculations 


Some of the measurements and tests carried out in metrology require the readings 
taken to be processed by means of a tabulated calculation before the final results 
are produced. These calculations are often labonous and take as long as did the 
actual test. Typical examples are the tests for straightness and flatness carried out 
using an auto-collimator. Others may be tests for pitch errors of gear teeth and the 
calculations required in the determination of the length of a gauge block using an 
interferometer. All lend themselves to a simplification of calculation, saving of 
time and less risk of errors in calculation if a computer and suitable software are 
available. If, however, straight edges are to be tested rarely and not many gears 
have to be checked for pitch errors it may be less costly to use a calculator and 
pencil and paper than to spend time writing the necessary programs. 

Here a word about the programs listed in this chapter is in order. They are all 
written in BASIC and can be used on any computer using BASIC software. There 
are, however, many versions of BASIC in use and the programs as written here 
may not be compatible with the computer available to the reader. 


11.211 Straightness Test with an Auto-collimator 


The table of results on page 128 was produced using an auto-collimator, 
readings being taken from a reflector which was moved along the straight edge in 
intervals of its own base length. In order to produce the table and obtain the final 
results the following procedure is necessary. 


(a) Subtract the first readmg from all the others. 


(b) Convert these small angular differences to heights by first converting the 
angles in seconds to radians and then multiplying by the reflector base 
length. 
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(c) Accumulate all these heights, i.e. add each height to the previous total. 


(d) Take the final cumulative value, change its sign and calculate 
proportional values for each position, i.e. if there are 12 readings 
calculate 1/12th, 2/12ths, 3/12ths, etc. of the final cumulative value. 


(e) Add the last two columns of values with due regard to sign. 


“OY PRINT "“AUTO-SOLLIMATOR STRAIGHTNES: TEST” 

IO PRINT “CEeves ees CKeE Fe eee err evreterrreseee” 

10 DIM Ar 3D, 66380)-,C040) 0040), E40), Gtano HOAs 
40 INPUT “Type length of reflector base in tum” L 
“OO INFUT “Type nunder of readings”;N 
Fa PRINT “Uhen computer asks 17 type in first reading ”; 
70 FRINT “Minutes and Seconds separated Gy à CONna”’ 
24 FOR K = 1 TON 

“OG FRINT k, 

OO INPUT M S 

“ty X = 5 ¢ MED 

"SO ACh oss 

1:0 Bib ozs 

‘$0 Cer =X 

TS) NEXT K 

tho OCIO 

174 Et losa 

7) Fr’ 

33O Gtly=0 

270 HOb)=O 

1d RAZED, 141S9"L/ 1296 

2-20 FOR +=2 TON 

220 OCKs2CiK)-COV) , 

“40 ECK) =ROUNOCOCK)4R, 2) 

250 GUK)2ECK D+GCK~-1) 

ECO NEXT K 

270) S=GUNd/N 

ZED FOR K=!l TON 

7230 HOCK =ROUND( GOR) -— SK, 2) 


“10 NEXT K 

uO PRINT 

“lu SRINT 

LD FRINT “Pasn Ready Oif. from Convert Cumul A 

149 PRINT * on Ist Rdg. to Ht, Height Adjust Error 
350 PRINT “Surf NM S sec um Uk: um utn ” 
260 PRINT ” O 00.0 09,00 00,90 00,09 00.00 ” 


270 FOR K=} TON 

22.0 PRINT TABC( IDK; TABCGJACK); TABCIOJBCK?; TABCIZDOCK); TABCZS9EC(K); TAELCS4DGCK); TAB 
t S$SOROUNOCKEO-S), 2); TABCS3)H(K); 

330 NEXT K 

100 ENO 


Fig. 11.1. Basic program to evaluate straightness test carried out with 

auto-collimator. This program was produced with the co-operation of 

the Computer Division at Luton College of Higher Education and is 
reproduced with the kind permission of the Director. 


This is obviously a laborious procedure and the program listed in Fig. 11.1 will do 
it in a matter of seconds. Note that there is no need to enter a value for ‘position 
0’; that is included in the program. The program is user friendly, as can be seen 
from Fig. 11.2, which shows how the screen would appear part way thrcugh 
entering the data. It first asks for the base length of the reflector carriage, tien for 
the number of readings. Finally it asks for the readings, in minutes and seconds 
separated by a comma, to be entered one at a time. When the final reading is 
entered the computer displays on the screen, and/or prints out, the table of results 
shown in Fig. 11.3. 

If required it would not be difficult to modify the program to print out a graph 
to display the deviations from straightness of the straight edge under test. but it 
can be seen from the table of results that the highest point is 4-3-00 um and the 
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AUTOCOLLIMATOR STRAIGHTNESS TEST 
EEC ES SSE CESS S SCS S SEL OCSSSSO SS SS 


Type length of reflector base in mm 103.5 
Type number of readings 12 


Wh8n computer types 1? type in first reading. Minutes and Seconds 
separated by a comma 


1? 2510 
oe ake 
Se 2745 
4? 2,17 
Oe 2,18 
6? 
Fig. 11.2. Data shown on screen during entering of readings for straightness test. 


AUTO-COLLIMATOR STRAIGHTNESS TEST 
Fe er_ ghee cee eee ste sce eer ete eregrertet 


Suns wees hy ii A iT (over ft Cumul 
Ta ‘b Rej. to Ht, Hewitt AdJUSt Error 
tiae T "1 3c Lite wan uf Ufu 
GO a va OO (2 OG Dü, DO 00 QW 
I oe oO D O $ -2,01 =D 
a = Te = i l -4, 0) -3, 0) 
a ie ES k 2,5) 2,5] -H ,O2 -2.51 
4 a 17 3 3,51) 7,02 -3,03 -1,0) 
ee < bs = 4,0) 11, O38 -10,93 l 
E 2 17? cee 14,54 -12,04 2,5 
7 ra 15 3 2,5) 17.05 -14,05S = 
Pa 2 Ms = 1,5} 13, Se. -16,05 2,51 
3 a uo =] -0,5 13, 06 -13,06 oO 
ES) = ba x l 13,06 = 20 ,07 -1,0) 
VI i Vat 4 2,0) 21.097 -22,07 -1 
bs “ 16 by 3,0) 24,05 -24.06 (9) 


Fig. 11.3. Printout from straightness test using an auto-collimator. 


iowest is -3:01 um, the deviation from straightness therefore being 6-01 pm. The 
odd 0-01 um is probably due to the rounding methods used, which differ slightly 
from those used in the original example on page 128. 

An alternative to this program would be to use a standard program for the 
method of least squares as suggested by A. J. Scarr (see page 10). The main merit 
of this method seems to be that it couforms to similar methods used for other 
purposes and is a standard mathematical technique. Otherwise the authors can see 
no reason for choosing one method rather than the other: they give similar results. 
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11.212  Flatness Testing 


In order to test a large surface for flatness it is necessary to carry out tests 
along a number of lines so that the positions of all points tested can be specified 
relative to some arbitrarily chosen plane. These positions are usually defined in 
terms of three coordinates, x and y parallel to the edges of the surface and z 
perpendicular to it. The departure from flatness is then the distance between two 
parallel planes which just contain all points on the surface. 

The problem is that the plane being used may not be the best one to which the 
surface under test should be related. This best plane can be found using the 
method of least squares and the error in flatness is then the sum of the maximum 
deviation of points above and below the plane, i.e. the difference between the 
maximum positive and negative values. 

It is important to note that all readings must be related to a common datum. 
If the measurements are mace with a precision level then they will all be related to 
the first point on the table. However, when an auto-collimator is used, each time 
the instrument is moved to a new line of test the datum is lost and it is therefore 
necessary to co-relate the lines of test, as shown in the appendix, so that all points 
are referred to an arbitrary plane before the method of least squares can be 
applied to the problem. 

If the centroid of a plane is defined as (%, ï, Z) then it can be shown that the 
least-squares plane passes through this point, in which: 


X = Xx/n y= y/n Z= X2/n 


where n = the number of observed values of x, y and z. Then a and b, which are 
the slopes of the plane measured relative to the x and y axes, can be found from: 


BY m ZX mlm — 2XmVm=V mm 
Big? Eyn = (Xnr) 
Dn EY dm AA N EA mem 
= DX m DY m — E(X Ym) 


Note that in these expressions: 
E ea 4 Ya = yY-y Lie E 
Examination of the expressions for a and b shows that in order to determine their 
values the following steps are necessary. 
(a) Find values for x, y and z. 
(b) Determine, for each point, the values of x,,, y,, and z,, as shown above. 
(c) Calculate the values of x,,7 and y,,?. 


(d) Calculate the values Of X,Y ms XmZm ANG YmZm 
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These values must all be summated and substituted in the expressions to 
determine a and b. Then 


(e) Find values of ax,, and bym. 


(f) The values of Z representing the points which lie on the least-squares 
plane, i.e. the theoretically correct values of z, are given by 


Z = ax,, + bym 


(g) If these are the theoretically correct points then the errors of the actual 
points are given by 


6=2,-Z 


Consider the surface shown in Fig. 11.4. This represents the heights shown 
relative to an arbitrary plane found from auto-collimator tabulations as shown in 
the appendix. Note that it is necessary to use the diagonals to co-relate the lines of 
test but having done this it is not necessary to use the values on these diagonals in 
the least-squares tabulation. 

The points on the surface are then simply points on a rectangular grid as 
shown overleaf, these being taken at 10 cm intervals in the x and y directions. 


Fig. 11.4. Results of flatness test using auto- 

collimator. These readings are related to an vi 

arbitrary plane, three of the corners being set at 
zero (sce appendix). 


Substituting these values in the expressions for a and b gives 
[2500 x (—294)] -- (0 x —165) 
7 [4000 x 2500] — 0 
[4000 x (—240)] — (0 x —240) a 
= ee = - 0-196 
[4000 x (x 2500] — 0 “ 


—0-0735 i 


and 
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Tabulated Calculation to Correct Readings in Fig. 11.4 to the Least-Squares Plane 


1-44 | -1:44 | —1-76 


—1-44 


—0-74 | — 1-44 | —2-18 | —2:02 


—1-47 | — 1-44 | --2-91 | — 1-29 


—48 
—63 
-63 


Xx,„? = 4000 


—42 


. 0 
2 | 100 | 22 
—4-2 | 400 | 225 


me: 
-5 
afs] 
afs 
E 
a 
| 5] - 2 
a| sfo] 
af sjaa 
of s| s 
of fae 
15 | —4-2 
15 


N 
N 
N 
E 
A 
= 
N 
rm 
| 
© 


— eN —_ = N toed 
! | | 


Sy ERE RE TE: El “send? s] ERNO 


Xia = 


= 20 


= 3x/n = 400/20 = 


x 


EXmZm = —~ 294 


LV nim = —240 


1.2 


z/n = 24/20 -: 


i- The above is based upon A. J. Scarr, Proc. I. Mech. E. Vol. 182, part 1, no. 123, 1967-8. 
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Knowing a and 6 enables columns 12 and 13 to be calculated: 
column 14 = column 12 + column 13 


and the final column showing the deviations from the least-squares plane is 
obtained by subtracting column 14 from column 6. 


The tinal figures for the errors from the mean-squares plane are then as 
shown in Fig. 11.5. 


Minimum value = —3-98 
Maximum value = +2°32 
Flatnesserror = 630 


All values in micro-metres 


Fig. 11.5. Flatness test results from Fig. 11.4 
corrected relative to the mean squares plane. 


This is a reasonably obvious case for using a computer. In this case the surface 
tested was a fairly small surface plate measuring 500 mm x 400 mm and this re- 
quired the twenty sets of values to be processed as in the table. Given a table 1000 
mm x 800 mm there would be four times as many readings to be dealt with and al- 
though it is possible to crunch the numbers with a calculator a computer will do 
the job much more quickly, economically and accurately. 

A program to carry out this task could be easily written by a competent 
programmer. One is not provided here but the exercise 1s set out in some detail so 
that the steps required in the program can be followed. 


11.213 Circular Division Testing 


There are many cases where it is necessary to check the accuracy of equal divisions 
of circles. The calibration of a precision polygon is dealt with in detail on page 92. 
and the measurement of gear pitch errors is mentioned on page 158, Fig. 7.20 
showing the set-up using dial gauges reading on adjacent teeth. In both cases the 
procedure is as follows: 

(a) Take pairs of readings R, and R,. 

(b) Find the difference between the readings, [R, — R,]. 

(c) Find the mean of the differences in readings: 
ZR, — R) 


h 


R= 


where n is the number of pairs of readings. 
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(d) For each division the error is then obtained by subtracting the mean 
difference R from the difference in readings, i.e. 


Error ò = [R, - R] - R 


The program provided, Fig. 11.6, will complete and print out these calculations, 
the results for a test on a straight-toothed spur gear being shown in Fig. 11.7. 


10 FRINT "TEST FOR GEAR FITCH ERRORS” 

ZO PRINT “Gee ERERAREARELR” 

“o DIM 60200) ,CC200) ,00 200) ,EC 200) , FC 200) 

40 INPUT “TYPE NUMBER OF TEETH 'N GEAR “: N 

SO FRINT ” WHEN COMPUTER ASKS 7 TYPE PAIRS OF READINGS” 
ED FRINT " IN 0,00lwm UNITS SEFARATEO BY A COMMA” 
70 FOR k = | TON 

50 FRINT K; 

90 INPUT Ra,Rb 

100 M = Ra - Rb 

110 BCK)aRa 

120 CCK)AaRb 

130 00K) 8ROUNO(BCK)-CCK), 2) 

140 ECK)a0CK)+ECK—-1) 

150 NEXT K 

160 FOR Kal TON 

170 F(K)aOCK>)-ROUNO( PIN)/N,2) 


150 NEXT K 

190 PRINT 

200 LPRINT “TOOTH READING READING DIFFERENCE ERROR ERROR 1S GIVEN BY” 
210 LPRINT “PAIR Ra Rd Ra - Rd?) CRa-Rb) -BAR(Ra-Rb)” 
220 LPRINT ” um utr um ua” 


230 FOR K a t TON 

240 LPRINT TABCI DK; TAB 11)B(K); TABC21 CCK) ; TABC33)OCK) ; TABC AB F CK) 
250 NEXT K 

260 ENO 


Fig. 11.6. Basic program for evaluating test for gear pitch errors. 


TOOTH READING READING OIF FERENCE ERROR ERROR IS GIVEN BY 
PAIR Ra Ro (Ra - Rb) CRa-Rb 1-BARCRa-RO ) 
un um unm um 

1 8 10 -2 -0,75 
2 9 10 -l 0.25 
3 7 7 (0) 1.28 
A 9 t -2 -0.75 
S 8 12 -4 -2.75 
6 15 14 1 2,25 
7 8 t1 -3 -1,758 
2 8 10 -2 -0.75 
9 9 10 -1 0.28 
mm I 9 o t.25 
11 6 10 -4 -2,75 
12 5 3 -3 -1.78S 
13 7 3 4 5.25 
14 1S 14 1 2.25 
15 13 20 -7 -5.75 
16 10 10 o 1.25 
17 7 9 -2 -0,7S 
18 7 11 -4 -2.75 
19 8 12 -4 -2.75 
20 9 6 3 4,25 
21 7 10 -3 -1,75 
22 V1 13 -2 -0,75 
23 12 12 0 1,28 
24 11 6 S 6.25 


Fig. 11.7. Printout of results of test for gear pitch errors. 


11.3 THE APPLICATION OF DEDICATED 
MICROCOMPUTERS TO SPECIALIZED EQUIPMENT 


The work dealt with in section 11.2 is likely to be of more interest to colleges as a 
means of providing students with practical applications of computer programming 
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than for serious work in industry. Undoubtedly one of the major applications of 
computers to metrology is manufacturers’ use of dedicated computing equipment 
with their products either to speed up the measuring process or extend the range 
of applications of the equipment. Cases in point are the examination of surface 
texture, the measurement of roundness and camshaft measurement. 

In each case the following advantages will be apparent if the computerized 
process is compared with manual processes used for the same operation: 


(a) Far less time consuming in both collecting and processing data. 
(b) Much more data can be handled. 


(c) Many more types of analysis of the data are available and a particular 
type can be selected at will depending upon the purpose for which it is 
needed. 


(d) Data and processed information can be conveniently stored and recalled 
for future reference. 


(e) Data and results can be transmitted to other computers by telephone if 
necessary. 


11.31 Examination of Surface Texture 


Chapter 9 deals with the basic procedures for the assessment of surface texture by 
two methods, R, and R,, both of which give numenical assessments of the surface. 
In fact these numerical values mean little more than saying that the higher the 
number, the rougher the surface. The actual meaning of the values in terms of 
performance of surfaces such as, say, bearings is derived from a great deal of 
experience and research in the field of tribology. Putting the output from the 
measuring head into digital form and passing the information to a computer which 
is programmed to deal with it opens the door to a number of different assessments 
of the surface, all from the same imput data. 

The output can be provided in the form of amplitude parameters, spacing 
parameters or hybrid parameters, these being defined as follows. 

Amplitude parameters are measures of the vertical characteristics of the. 
surface irregularities. These include the arithmetic average value (R,), the root 
mean square value (R,) and the I.S.O. ten-point average peak to valley height. 
(R,), all of which have been discussed in Chapter 9. Prior to the application of 
microprocessors to the assessment of surface texture a given machine would give a 
direct reading of one of these parameters and a given company or laboratory’ 
worked to one or possibly two and bought a machine that gave a direct reading of 
the most common, R,, the other being laboriously calculated from a trace of the. 
prifile—if the machine gave a trace. . bias 

Statistical analysis is normally considered as a technique concerned with 
amplitude parameters, as it provides an analysis of the frequency distribution.9°, 
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the heights of irregularities. It is, however, sufficiently different to be accorded a 
short separate section (11.312). 

Spacing parameters are measures of the spacing of the irregularities along the 
line of test or parallel to the mean line of the surface. 

If the amplitude and the spacing of the irregularities change then the angles of 
the irregularities’ flanks change. These angles affect the changes which take place 
in the surface characteristics as wear occurs and are influenced by both the spacing 
and the amplitude of irregularities, hence the name hybrid parameters. They are 
possibly the most important of the parameters from a functional point of view. 

Given the application of suitably programmed microprocessors a modern 
machine can provide all these and a range of other amplitude parameters, 
including waviness, many of which have been developed as a direct result of the 
combination of digital output machines with dedicated microprocessors. 

In most cases, the overall length of surface, L (the assessment length, used 
for the measurement of surface roughness), is divided into a number of 
consecutive and equal sampling lengths corresponding to the cut-off wavelength 
being used. These sampling Icngins are designated /,, L up to, usually, /, and, in 
many cases, the roughness value given is the mean value of those obtained in each 
of the sampling lengths. 


11.31 Amplitude Parameters 


Apart from the well known R,, R, and R, the amplitude parameters available 
are: 


R, — the maximum depth of profile below the mean line within the 
assessment length. 


R, — the maximum height of profile above the mean line within the 
assessment length. 


R,m — the mean of the R, values obtained from each of the sampling lengths. 
The maximum peak height within cach sampling length is obtained 
and the mean calculated. 


R, — the maximum peak to valley height of the profile in the assessment 
length. R, = R, + Rp 
Other amplitude parameters which have become available and which are very 
similar to R,,, and R, are as follows: 


R, is the maximum peak to valley height in any one sampling length. Thus, if 
an assessed length of surface is divided into, say, five sampling lengths 
there will be five values of R, available. 


is the maximum R, value in the assessrneni length. Note that this is not 
necessarily the maximum peak to valley height as the highest peak and 
the lowest valley may not both occur in the same sample length 
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Rm is the mean value of all the R, values obtained; the same as the R, value as 
defined by the D.I.N. standard. This is not quite the came as that defined 
in Chapter 9, page 191, which is the I.S.O. definition. In that case the five 
highest peaks and the five lowest valleys are used, not those specifically 
occurring within sample lengths. 


R,, is the maximum value found for each of the deviations from the third 
highest peak to the third lowest valley in each sample length. 


R,, is the mean of the R;, values found within the length of surface assessed. 


11.312 Statistical Parameters 


A further development that has become practical through the application of 
microprocessors is the statistical analysis of surface textures. If the simple Ra, R, 
and R, parameters are considered as defined in Chapter 9 it is apparent that the 
numerical assessments arrived at depend solely on the amplitude of the 
irregularities. It can easily be shown that surfaces giving identical R, values can 
have very different operational characteristics, three such surfaces being shown in 
Fig. 11.8. Modern surface assessment equipment can produce a statistical analysis 
of the peaks and valleys in the profile by plotting a distribution curve of the 
frequency of the heights of peaks and valleys and produce values of skewness and 
kurtosis for the curve. 

In Fig. 11.8 (c) the skewness of the distribution curve is zero and the surface 
profile is symmetrical. Jn Fig. 11.8 (6) the skewness is positive and in Fig. 11.8 (a) 
it is negative. A surface of the type shown in Fig. 11.8 (a) would be much better 
for a bearing; as it wears the bearing area increases rapidly whereas in the case of 
Fig. 11.8 (b) there is little increase in bearing area as the initial wear of the surface 
takes place. Bearing area is referred to further in section 11.314. 

The kurtosis of a frequency distribution is a measure of the ‘peakiness’ of the 
distribution curve profile. Applying this to the distribution of the amplitude of 
irregularities of a surface trace, then if all the irregularities are of the same 
magnitude the distribution curve will display a sharp peak. If, on the other hand, 
there is a wide variation in the magnitude of irregularities then the distribution 
curve will be flatter and wider spread. In the first case, the kurtosis value 1s 
positive, meaning that the distribution curve is more sharply peaked than a normal 
distribution and the surface profile is more regular. A negative kurtosis value - 
means that there is a wide variation in the magnitude of the irregularities of the © 
surface profile. 


R,, is a measure of the skewness or luck of symmetry of the surface about the ` 
mean line. 


R,, is a measure of the range of variation in the irregularities of the surface. ;,;, 
Those familiar with advanced statistics will recognize that in statistical terms, 
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skewness is the third moment and kurtosis the fourth moment of the area of the 
distribution curve about the mean, but for students of metrology it should be 
recognized that the terms used in this context are, again, amplitude parameters. 


AIR 


METAL 
(A) 


AIR 


METAL 
(B) 


AIR 


METAL 
(C) 


Fig. 11.8. Three hypothetical surfaces all having similar R, values but very different 
characteristics. 
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11.313 Spacing Parameters 

A surface profile consists of a series of peaks and valleys. If a regular surface 
is considered whose profile is a series of similar triangles it is apparent from Fig. 
11.9 that, if the peaks and valleys are of al] the same height but the spacing of the 


Fig. 11.9. Two surfaces with the same depth of irregularity but different spacing. 


irregularities is different, the angles of the faces of the irregularities will be 
different. This being so, it can also be seen that the increase in bearing area as the 
surface wears will be different. Thus, spacing of irregularities is important as well 
as the amplitude. 


S is the average spacing of adjacent local peaks measured from peak to 
peak parallel to the mean line. 


S„ is the mean spacing of profile peaks measured between the points where 
the profile crosses the mean line. 


H.S.C. is the high spot count and is the number of complete peaks of the 
profile within the assessment length projecting above a line set at a given 
height above the mean line. (Note that this height may be zero, in which 
case the H.S.C. is the number of peaks projecting above the mean line.) 


is the peak count. It is the number of peaks projecting above a band 
centred about the mean line. The peak count should be taken over the 
greatest assessment length available and then expressed in peaks/cm. 


These spacing parameters are illustrated in Fig. 11.10. 
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Fig. 11.10(a) Spacing parameters £ and S,,. 
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Fig. 11.10(b) High spot count and peak count. 
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11.314 Hybrid Parameters 


From the previous sections it is apparent that the performance of a machined 
surface depends not only upon the amplitude of the irregularities but also upon 
their spacing. It has already been shown that the slope of the profile of a surface 
depends upon both the spacing and the depth of irregularity and that both 
influence the bearing properties of the surface. Hybrid parameters are, therefore, 
growing in importance. 


A, is the R.M.S. value of the slope of the profile throughout the assessment 
length. If the slope of the profile was measured at a series of equi-spaced 
points along the profile and the R.M.S. value of these measurements 
determined then this would be a value of A,. Using a microprocessor the 
values of the slope at all points on the surface are included. 

A, is the average wavelength of the profile of the surface and is a measure of 
the spacing between the irregularities of the surface taking into account 
their amplitudes. It is given by: 


Bearing in mind that R, is the R.M.S. value for the amplitude of all points on the 
surface and A, is the R.M.S. value of the slope of all points of the surface it is fair 
to say that the determination of à, would be most laborious without a computer 
programmed to determine its value from data fed in direct from a machine taking 
information from the surface. It is, however, likely to become a very widely used 
parameter for specifying surface texture. 


t, is the bearing ratio. As a surface wears the area in contact with its mating 
surface, the bearing area, increases. If a profile of the surface is produced 
and a line drawn at a depth p below the highest peak, the length of that line 
enclosed within the profile is the bearing area. This must be related to the 
assessment length, so it is usually referred to as a percentage of the 
assessment length. Referring to Fig. 11.11, 1t can be seen that 


es ae SN i 
L 


t,% = x 100 


By taking a series of such lines and calculating the bearing ratio for each, a 
curve can be plotted as shown in Fig. 11.11 showing how the ratio varies with 
depth of wear. This is known as the Abbot—Firestone curve for the surface. 


Modern surface measuring equipment, such as the latest Talysurf machines, 
is programmed to give printouts of these parameters selected at will. Apart from 
the usual trace it will give graphical printouts to illustrate high spot counts, peak 
counts, bearing ratios and the Abbot—Firestone curve. 
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Fig. 11.11. (deft) Change in bearing ratio as profile wears to depths P,, P}, Py, etc. 
(right) The Abbot-Firestone curve, a graph of bearing ratio against depth of wear. 


It may be felt that the authors have gune into some detail here which could 
well have been included in the chapter on the assessment of surface texture 
(Chapter 9). Its inclusion here does serve to emphasize how much more powerful 
standard measuring equipment becomes if its output is analysed and printed out 
by a computer. 


11.32 Application to Roundness Testing 


A similar development has taken place with roundness testing equipment, and 
modern computerized machines can give roundness traces and deviations from 
roundness, as discussed in Chapter 9, without any calculations or effort on the part 
of the operator, other than setting the work up initially. 

While the probe is scanning the surface, the data from an extremely large 
number of points is fed into the computer, the least-squares centre calculated and 
the deviations of all points on the surface from the least-squares circle are 
determined. The departure from roundness is then printed out almost 
immediately the trace is completed and the data stored for future reference. 


11.33 Camshaft Plotting 


Not so many years ago the checking of the profile of the camshaft of an 
automobile engine was one of the most time-consuming jobs in inspection in the 
motor industry. A camshaft for a four-cylinder engine had, in those days, eight 
cams: four inlet and four exhaust. Nowadays modern multi-valve engines might 


have twelve or sixteen. 
The camshaft was set up between centres on an optical dividing head with a 


dial gauge on each cam, set to read zero on the dwell portion. The dividing head 
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was rotated at 1° intervals starting with the camshaft in the position it would 
occupy with number one piston at top-dead-centre. At each increment of rotation 
the dial gauges were read and the readings noted so that the cam profiles could be 
plotted later. 

An alternative was to tabulate the results against values specified, but either 
procedure was time consuming and prone to errors owing to the sheer boredom of 
the task. 

Modern camshaft measuring machines look similar except for the following 
features: 


(a) The dividing head is motor driven and angular displacements measured. 
using radial diffraction gratings (see 11. 42). 


(b) The dial gauges are replaced with linear-variable differential 
transformers. 


(c) The output from the linear-variable differential transformers is 
converted into digital form and fed to a dedicated microprocessor. 


(d) The microprocessor produces a printout, either in tabular form or as 
polar diagrams for each cam, that details the errors. 


The whole process takes minutes rather than days, is more accurate and is not 
prone to human error, being fully automatic once the camshaft is set up. Further, 
the data can be stored on disc or tape and recalled as necessary and, indeed, 
transmitted by telephone to other computers if required. 


11.34 Measurement of Gauge Blocks by Interferometry 


The calibration service of the National Physical Laboratory determines the errors, 
in about two thousand gauge blocks a year vy the methods outlined in Chapter 2, 
(section 2.52). For engineers who have not carried out the process it is obvious 
from studying the work that it is a tedious and time consuming process. The gauge 
blocks vary from 0-5 to 100 mm in length and, for each calibration, corrections for 
temperature, relative humidity and barometric pressure are necessary. 

The estimation of the fringe displacement fractions is also dependent upon 
operator skill and this ‘adds to the degree of uncertainty in the calibrated values 
obtained. 

In collaboration with Tesa Metrology Ltd., a commercial manufacturer of 
measuring equipment, the N.P.L. has developea an automatic measuring m achine, 
based on principles similar to those outlined in Chapter 2 but. with the folowing 
differences. at 


(a) The gas discharge tube ‘light source whose spectrum gave the various. 
monochromatic lights needed is replaced by frequency-stabilized lasers. 
These give much more sharply defined interference íringes. 


(b) The fringe displacement fraction between the fringes on the table and 
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those on the gauge is measured automatically by an image analyser 
interfaced with a computer. 


(c) The ambient conditions mentioned above are continuously monitored 


and the’ measuring equipment interfaced with the computer. The 
operator sets up the gauge visually, enters its nominal size into the 
computer and presses a button. The machine determines the fringe 
displacement fraction at a number of places on the gauge for the different 
colours of laser light selected and then calculates the gauge length for 
each position. The machine displays the error determined for the gauge, 
both graphically and numerically, for a number of places on the surface. 
A copy of the printouts is shown in Figs. 11.12* (a) and (b). 


NPL ~ TESA GAUGE BLOCK INTERFEROMETER TIME: 14:46:33 DATE: 17 Feb 1989 


REFERENCE: NPL - BH 


UNITS: METRIC EXPANSION COEFFICIENT: 11.7 ppm/’C 


RESULTS _(.Qlwa) 
-4.2 -.6 .6 2.3 3.4 3.2 2.7 1.6 3.1 -.1 ~1.€ 
-5.2 ~2.0 -1.1 2 1.1 9 .3 -.5 5 ~1.9 -3.2 
-5.9 -3.2 -2.53 -1.5 -.7 -.8 “1.4 -2.1 -1.6 -3.3 -4.2 
-6.5 -4.0 -3.5 -2.7 -2.1 -2.1 -2.9 -3.3 -3.2 -4.4 -5.1 
-6.8 -4.6 -4.1 -3.4 -2.9 -2.9 -3.6 -4.0 -4.3 -5.1 -5.8 
-6.9 -4.9 -4.3 -3,7 -3.2 -3.3 -3.9 -4.3 -4.3 -5.4 -6.1 
-6.7 -4.8 -4.2 -3.5 -2.9 -3.1 -3.6 -4.1 -4.9 -5.3 -6.1 
-6.4 -4.5 -3.7 -2.9 -2.2 -2.5 -2.7 -3.5 -4.4 -4.8 -5.9 
-5.8 -3.8 -2.8 -1.8 -1.0 -1.4 -1.3 -2.5 -3.5 74.0 -5.4 
-5.0 -2.9 -1.5 -.3 -8 .2 6 ~1.0 -1.9 -2.8 -4.5 
-4.0 -1,6 2 1.7 3.0 2.2 3.0 1.0 wl -1.2 -3.4 

CALCULATED LEAST SQUARES PLANE (Olum) 
-2.3 -2.3 -2.2 -2.2 -2.2 -2.1 -2.1 -2.1 -2.0 -2.0 -2.0 
-2.4 -2.3 -2.3 -2.3 -2.2 -2.2 -2.2 -2.1 -2.1 -2.1 “2.0 
-2.5 -2.4 -2.4 -2.4 -2.3 -2.3 -2.3 -2.2 -2.2 -2.2 -2.1 
-2.5 -2.5 -2.5 -2.4 -2.4 -2.4 -2.3 -2.3 -2.3 -2.3 -2.2 
-2.6 -2.6 -2.6 -2.5 -2.5 -2.5 -2.4 -2.4 -2.4 -z.3 -2.3 
-2.7 -2.7 -2.6 -2.6 -2.6 -2.6 -2.5 -2.5 -2.5 -2.4 -2.4 
-2.8 -2.8 -2.7 -2.7 -2.7 -2.6 -2.6 -2.6 -2.5 -2.5 -2.5 
-2.9 -2.8 -2.8 -2.8 -2.8 -2.7 -2.7 -2.7 -2.6 -2.6 ~2.6 
-3.0 -2.9 -2.9 -2.9 ~2.8 -2.8 -2.8 -2.7 -2.7 -2.7 -2.6 
-3.1 -3.0 -3.0 -3.0 -2.9 -2.9 -2.9 -2.8 -2.8 -2.8 -2.7 
-3.1 -3.1 -3.1 -3.0 -3.0 -3.0 -2.9 -2.9 -2.93 -2.8 ~2.8 

DEPARTURE FROM LEAST SQUARES. PLANE (Olum) 
“1.9 1.7 2.8 4.5 5.6 5.3 4.7 3.7 5.1 1.9 .4 
-2.8 s) 1,2 2.5 3.3 3.1 2.5 1.7 2.6 2 -1.0 
-3.5 -.9 -.1 .9 1.6 1.5 7 1 6 ~1.2 ~2.1 
-3.9 -1.5 -1.0 -.2Z 4 12 -.5 -1.0 -.9 -2.1 -2.9 
-4.2 -2.0 -1.53 -.9 ~.4 5 -1.2 -1.6 -1.9 -2.7 -3.5 
-4.1 -2.2 -1,7 -1.1 -.6 =.7 “1.3 -1.8 -2.4 -2.9 -3.7 
-3.9 -2.0 -1.4 -.8 -.3 -.5 -1.0 -1.6 -2.3 -2.8 -3.7 
-3.5 -1.6 -.8 -.1 5 .2% -0.0 -.9 -),8 -?.% -3.3 
-2.8 -.9 ol 1.1 1.8 1.4 1.4 .3 -.7 -1.3 -2.7 
-1.9 2 1.5 2.7 3.7 3.1 3.4 1.9 3 -0.0 -1.8 

-.8 1.5 3.2 4.8 5.0 5.2 5.9 3.9 3.0 1.6 -.6 


Fig. 11.12(a) Printout of data from test on a 25-00 mm gauze block using 
N.P.L.-T.E.S.A. gauge block interferometer. 
(Reproduced by kind permission of N.P. L.) 


See also D. J. Pugh and K. Jackson, ‘Automatic gange block inspection by muitiple wavelength inter- 


B 


| Pros. Soc. Phow- -Optical Instrum. Engineers, cl. 656, 1986. 
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NPL ~- TESA GAUGE BLOCK INTERFEROMETER TIME: 14:45:57 DATE: 17 Feb 1989 


REFERENCE: NPL - BH 


UNITS: METRIC EXPANSION COEFFICIENT: 11.7 ppm/'C 
NOMINAL WRING DEVN PARALLELISM FLATNESS 
a LENGTH ma .Olun Xnn Ynn na 
25.0000 A -3.3 3 8 102 


Fig. 11.12(b) Printout of final results of test using N.P.L.-T.E.S.A. 
Jouer block interferometer. 
(Reproduced by kind permission of N.P. L.) 


The machine is now being developed to calibrate length bars and the 
computer is being programmed to print out the calibration certificate auto- 
matically. 


11.4 COORDINATE MEASURING MACHINES 


In the 1950s two developments took place in the field of measurement. One was 
the realization that diffraction gratings, until then used in spectroscopy, could be 
used to measure the movement of machine tables to a high degree of accuracy. 
The other was the application of almost friction-free linear bearings to machine 
slideways for purposes of automatic control. This led to the design of coordinate 
measuring machines having tables capable of carrying large workpieces upon 
which measurements could be made in three planes, x, y and z, mutually at right 
angles. 

The original machines had a spindle carrying a probe with a tapered nose. 
The slideways were moved until the probe was positioned over the hole whose 
position was to be determined, It was tnen pushed into the hole and the force 
exerted by the taper was enough to move the low friction slides to centre the hole 
under the probe. The position of the hole was then indicated, relative to a pre-set 
datum, on decatron counters (which present-day students have probably not seen 
or heard of). These were replaced by light-emitting diodes giving direct digital 
readout, which made it much easier for the operator to read results. 
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However, two later developments really enhanced the usefulness of 
coordinate measuring machines in large scale measurement. One was the 
replacement of the tapered probe with the touch trigger probe (see below) and the 
other was the application of computers to the machines to control the movements 
of the slideways, record the data and perform any calculations previously carried 
out by the operator. 

The modern machine is of the same basic layout as the machines developed in 
earlier years and is shown in diagrammatic form in Fig. 11.13. 

Large machines are of the portal design shown, the table moving longitu- 
dinally (the x coordinate) between massive portals whose cross member carries 
the vertical member, whose movement is the z axis. Movement across the beam 
gives the y coordinate. 

Smaller machines are of the cantilever type, and, although not so rigid as the 
portal type of machine, are perfectly capable of carrying the loads required of 
them without machine deflections introducing unacceptable errors. 


AIR GUIDEWAYS 
FOR HEAD 


QUILL CARRIES 3 
TOUCH TRIGGER SS 
PROBE 


AIR GUIDEWAYS 
FOR TABLE aS 


Fig. 11.13. Block diagram of portal type coordinate measuring machine. 
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Fig. 11.14. Typical touch trigger probe. 
(Reproduced by kind permission of Renishaw 
Metrology Ltd.) 


/ 11.41 The Touch Trigger Probe (Renishaw Probe) 


For the coordinate measuring machine to be interfaced with a computer it 1s 
necessary for the machine to be able to ‘sense’ when it has reached the element to 
be measured and to transmit the relative data to the computer for storage and 
processing. This requires a touch trigger probe similar to that shown in Fig. 11.14. 
It consists essentially of a ball-ended stylus of known diameter mounted on a rod 
in such a way that immediately contact is made with a surface, a signal is passed to 
the computer to accept and store the measurement being transmitted from the 
measuring system at the moment of contact. The mounting is designed so that, for 
the simplest probe, contact can be made in any of the three axes x, y and z, or in 
any combination of these. 

Almost all coordinate machines use the probes made by Renishaw, to such an 
extent that touch trigger probes are now generally referred to as Renishaw probes. 

The signal from the probe is transmitted to an interface unit which makes the 
signal from the probe compatible with the computer language being used and 
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relays the signal to the computer. The probe may be directly connected to the 
interface unit by flexible cable (hardwired) or, often on coordinate measuring 
machine applications, the probe body has seven light-emitting diodes around its 
trunk which emit an infra-red signal when the probe makes contact with the work- 
piece. This signal is picked up by an infra-red sensitive unit mounted conveniently 
near the machine and the signal is processed by a suitable interface unit before 


entering the computer. 


Disc Stylus 


Ruby Ball Stylus f 
is 


‘?e 


Fig. 11.15. Maulti-stylus probe unit for coordinate measuring machine. 
(Reproduced by kind permission of Renishaw Metrology Ltd.) 


More complex probes have styluses in planes mutually at right angles as 
shown in Fig. 11.15 to enable the workpiece to be approached from any direction. 
For complex parts the workpiece can be mounted on a motorized rotary table so 
that it can be swung into the correct alignment for each measurement. 
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11.42 The Measuring System — Diffraction Gratings 


Diffraction gratings are strips or discs of glass (transmission gratings) or metal 
(reflective gratings) ruled with fine equally spaced lines to form the grating. They 
are used in pairs, the fixed grating being called the scale grating as it is, in effect, 
thesmeasuring scale, and the other, moving, grating being known as the index 
grating as it takes the place of an index line moving over the scale. 


11.42] Linear Gratings 


If two glass gratings with lines of equal spacing were to be placed close to each 
other so that the lines were parallel and one grating moved longitudinally relative 
to the other, a shuttering effect would occur, light being transmitted when the 
lines were aligned, and cut off when lines on one grating aligned with spaces on 
the other. 

If, however, the gratings were set at a small angle across the glass and then 
positioned so that the lines were angled to cross each other as in Fig. 11.16, then a 
series of interference type fringes known as moiré fringes would be produced. 
These fringes will be more widely spaced than the lines on the gratings which 
produce them, giving a magnification effect. 


I 
AA iit I 
| 2 
= M í ih MM 


Fig. 11.16. Moiré fringes produced by a pair of diffraction gratings set at 
an angle to each other. Note that these were old, worn demonstration 
gratings but the fringes are still sharp. 


If the index grating moves along the scale grating in direction A the fringes 
move across the gratings in direction B. If the index grating moves one line space 
then the fringes move one fringe space. If the index grating moves a fraction of a 
line space then the fringes move the same fraction of a fringe space. Thus 
measurement of fringe movement can be used as measurement of grating 
movement. Further, if the index grating moves a considerable distance, then by 
counting the number of fringes passing a given point, the distance moved by the 
grating can be calculated as the same number of line spaces. If light is passed 
through the gratings the output can be focused on a photo-sensitive diode and the 
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electrical output, which is a sinusoidal voltage signal, converted to pulses to 
provide the input to a digital display. In practice modern electronics enable the 
signal to be subdivided into a fraction of a fringe movement. If the grating is ruled 
with a spacing of 0-04 mm and this is subdivided into 4 then each count represents 
0-01 mm. Using this principle the system can be made to give digital output 
readings of 0-001 mm units. 

As described, the system cannot detect direction and if the index gaing 
moves in a direction to give a count of +10 fringes and then back —5 fringes the 
result would be a count of 15 fringes. By having two photo-diodes scanning the 
fringes one-quarter of a fringe space out of phase, the system can be made 
directional and give the correct distance from a datum regardless of how many 
moves have been made in either direction. 

Although the fringes are not straight in Fig. 11.16, owing to inaccurate ruling 
of the grating lines, it can be seen that the spacing is constant. If the fringe 
movement is used to measure grating movement the fringes produced by a 
number of lines are scanned and the errors in fringe spacing are averaged out. If, 
therefore, a first set of gratings is used to control a machine used to rule a second 
set then the second pair of gratings will be more accurate than the first and so on, 
until a very high degree of ruling accuracy is achieved to produce master gratings. 
From these, commercially used gratings are produced photograpnically. 


11.422 Radial Gratings 


A similar effect can be produced with radial gratings, where glass discs are 
ruled with lines which are not quite radial so that when placed close to each other 
the rulings form a slight angle. In this case the moiré fringes appear as a spiral. If 
one grating is fixed and the other rotates, the fringes move radially and a rotation 
of one line angle produces a radial movement of one fringe space. 


11.413 Applications to Measuring Machines 


In practice, to measure the movement of a measuring machine slide, the scale 
grating is attached to the fixed slideway and the index grating to the moving 
member. Light from a tungsten lamp is collimated and passes through the gratings 
as a parallel beam and through a mask with a slit set parallel to the fringes. The 
light from the slit is decollimated and focused on a photo-transistor as shown in 
Fig. 11.17. Observing the slit as the fringes move across it gives a visual impresston 
of pulses of light and dark but, in fact, the output from the transistor is sinusoidal 
and can be processed electronically to give a digital output in fractions of a line 
space and also to detect direction. 

Such an output need not only be used for measurement of slide movement 
but the equipment can be interfaced with a computer for automatically controlling 
the position of a slide or measuring head. Nor is the application limited to 
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measuring machines. Diffraction gratings are used for the measurement of 
machine tool slideway movements, where the output is fed back to a computer 
programmed with the slide movements necessary for the machine to produce a 
part of the required size and shape. The measured position is compared with the 
required position and the error signal is used to direct the slide movement. This is 
the basis of computer numerical control (C.N.C.) machines. 

« Radial gratings are used in a similar manner to measure rotation or angular 
displacement of a dividing head or rotary table, one grating being attached to the 
rotating shaft, the other being fixed on the same axis. A coordinate measuring 
machine operating only with three linear axes mutually at right angles is a three- 
axis machine. Such a machine fitted with a rotary table is a four-axis machine, and 
one in which the axis of rotation can itself be inclined is a five-axis machine, all of 
the axes being controlled by the comp"iter. 
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Fig. 11.17. Block diagram of diffraction gratings installation on machine slideway. a yi 


262 


Computers in Metrology 


11.43 Example of a Simple Measurement using a Coordinate Measuring Machine* 


c 
Consider the extremely simple compon- 
ent shown in Fig. 11.18. The procedure 
for checking it would be as follows. 


(a) Mount on the table a calibrated 
steel sphere set on a pylon as 
shown in Fig. 11.19, clear of the 
workpiece. Note that the work 
need not be accurately aligned 
with the table motion. 


(b) Use the computer controls, 
either a joystick or keys, to pro- 
duce slideway movements so 
that the stylus tip touches the 
sphere in four places, one 
about on top and the other 
three around the periphery of 
the sphere. 

This does two things: 
(i) it calibrates the stylus 
diameter and saves the 


operator from having 
Fig. 11.18. Component to be checked on to enter it, thus 


coordinate measuring machine. aata ta 
l eliminating one source 


| of error; and 
| (ii) it fixes the centre of the 
TOUCH TRIGGER PROBE sphere as a known 
TAKING TOUCH IN FOUR 
PLACES ON SPHERE datum relative to the 
table in three direc- 
Ef CALIBRATED tions, x, y and z, the 
| SPHERE height above the table. 


© 


COMPONENT TO 
= BE MEASURED 


MACHINE TABLE 


RE oe DES A II I A BELA IRS IATA TIRE, F 
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Fig. 11.19. Calibrated sphere used to set datum in three planes. 


* The authors gratefully acknowledge the help given by C. E. Johansson Ltd. in producing this section. 
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(c) Use the joystick to move the table to give two touches on face AA,. This 
establishes the position ard alignment of face AA, on the table. 


(d) Use the end of the stylus to take three touches on the step. This 
establishes the height of the step above the table and, using a mean- 
squares subroutine, the computer establishes the parallelism of the step. 

“More touches give a more precise result. 


(e) Take similar touches on the top surface to establish its height and 
alignment. 


(f) Move to the large-diameter counterbore and take three or more touches 
on the circumference of the bore. 

Again, using a least-squares subroutine based on the method outlined 
in the section on roundness testing, section 9.724, the computer 
calculates the position of the centre of the hole, its roundness within the 
limitations imposed by the number of touches, and its diameter. 


(g) Touch the bottom of the counterbore in three places to establish the 
depth and plane of the counterbore. 


(h) Repeat (e) for the smaller diameter. The computer then determines the 
magnitude of the misalignment of the two holes as well as the roundness 
and size of the hole. 


(i) Take touches on faces ABC and A,B,C,. 
(j) Take touches on face CC, 


The computer now has all the information necessary and will print out all of the 
dimensions measured. If the specified dimensions have been entered it will also 
print out the errors. 

Note that the operator has not needed to record any figures or make 
calculations, nor was there any need to align the component accurately.on the 
table. The distance from any face to the hole centre would be automatically 
computed as the shortest distance. Pythagorus’s theorem would be used—but not 
by the operator. 

Fig. 11.20 is a printout of the data for inspecting a simple flat plate with a hole 
in each corner. This simply gives the position of the holes and their diameters. 
The last two columns give the deviations from the nominal values and the 
amount by which the measured value exceeds the nearest limit. The figures 
are in millimetres, the resolution of the measuring system being to 
1 pm, the positioning accuracy [1 + (5 x L.10-*)] um, and the measuring accuracy 
(3 + (5 x L.10-°)] um, where L is the measured dimension in millimetres. In the 
tables the figures show four decimal places but the fourth figure is for inch 
measurements. 

Comparing the time required to do this with the estimated time required to 
check this simple component manually using up-to-date versions of the height 
gauge would reveal massive savings-of time, and some of the information gained, 
c.g. roundness of the holes, would need separate and specialized equipment. 
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eesesenesseeeeneneea MEASURING RESULT CEJ LEARN 311 SSSSCH FSF SS eee eRe eR eS 
FILE NAME LEARN311 
OPERATOR COLIN 
DATE 83/12/09 £11132 
eNO. + RESULT ® ACT.VAL. *NOM.VALUE » + TOL. +» - TOL. » DEV #. ERROR » 
LETELT TIIE? ESSERE E ORE 
1 DIAM.» 30.1746 30.0000 -0300 . 0000 01746 21246 
2 DIAM.= 30.1738 30.0000 «93500 . 0000 .1738 21238 
3 DIST.»= 69 .8037 70.0000 «2000 =- . 2000 ~.1163 
4 DIAM.a 30.1679 30.0000 .0500 0000 -1479 .1179 
S Xa &9 .8988 70.0000 . 2000 =- .2000 -.1012 
& Ya 70.0581 70.0000 «2000 -.2000 .0381 
? DIAM.» 30.1774 30.0000 .0500 .0000 21774 21274 
8 Xs - O19 .0000 ~2000 - .2000 -.0119 
9 Ya 70.0710 70 . 0000 . 2000 - . 2000 .0710 


Fig. 11.20. Printout from Spuer controlled coordinate measuring 
machine for flat plate with four holes, one in each corner. 
(Reproduced by kind permission of C. E. Johansson Ltd.) 


This, however, is not the end of the story. The computer in the example for 
which the results were printed was in learning mode. If other similar parts were to 
be checked they could be simply clamped on the table in approximately the same 
position as the first: precise setting is not necessary, since the correct command is 
given via the computer and the measuring process is repeated by the machine. It 
has become a C.N.C. measuring machine. 

These machines are, of course, very expensive and are only economic where a 
lot of inspection is being carried out and the more complex the better. They can be 
used in conjunction with rotary tables to check components otkęr than those 
whose dimensions are relative to simple x, y and z planes and can be uSed to check 
profiles such as the complex forms of gas turbine blades. Companies making 
simpler components should not feel that such machines are limited to complex 
applications. The authors know of one company making large sheet metal panels 
with many rows of holes in them. It successfully saved a great deal of time and 
money by installing a coordinate measuring machine. 


11.5 STATISTICAL PROCESS CONTROL 


The current ‘buzz’ words in quality assurance are statistical process control. In the 
authors’ opinion there is very little difference between statistical process control 
(S.P.C.) and statistical quality control (S.Q.C.) (Chapter 10) except that the 
emphasis in statistical process control is on controlling the process. If the process 
is capable of doing the job and is kept in control then the product will conform to 
its specification. (Is this not what S.Q.C. did?) 

In either case the procedures involved call for: 


(a) Gathering data about the process. 
(b) Analysing the data to determine the process capability. 
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(c) Comparing the process capability with the work specification to ensure 
that the process can do the job required of it. 


(d) Monitering the process to ensure that it is in control and the work output 
is therefore acceptable. 


(e) Detecting out of control conditions as soon as, or possibly before, they 
occur and correcting the process. 


“Procedures (a), (b) and (c) ask the question, ‘Can it be done?’; (d) asks, ‘Are we 
doing it?’; and (e) calls for quick corrective action if we are not. 
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Fig. 11.21. Concept of feedback loop in process control. 


ajoe 
In practice any control system calls for a feedback loop as shown in Fig. 
11.21. The problem in the past with S.Q.C. was that the feedback loop was too 
long. This gave rise to a lag between collection of the data and corrective action 
being taken. The length of the feedback path, in terms of time, was often the time 
required for the floor inspector to perform the necessary calculations and plot the. 
points or. the control chart, during which time the machine was working away. 
producing components that were out of specification. Ideally the chart should be’ 
as close to the production process as possible but factory working conditions afẹ, 
not ideal for correctly performing calculations, however simple they might appear: 
to be, and then plotting points on control charts and interpreting the results. i 
The advent of the small personal computer or the terminal linked into the: 
company mainframe machine, plus software that enabled the computers to take 
data direct from digital measuring equipment, allowed all calculations to be. 
carried out by the computer and charts plotted and displayed graphically at the 
point of production. This shortened the feedback loop and reduced or eliminated : 
the lag between data collection and the taking of corrective action. zi 
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11.51 Data Gathering and Procegg Control 


In Chapter 10 different types of control chart are discussed: those where processes 
are to be controlled by measured variables and those where processes are to be 
controlled by attributes, i.e. the counting of defectives produced by a process 
where measurement of the output is not possible. 


11.511 Process Control by Measured Variables 


In cases where the process is to be controlled by measured variables a process 
capability study is carried out by taking a large sample of 50 to 100 parts, 
measuring them, plotting a tally chart or histogram and calculating the standard 
deviation for the process (see section 10.2). This normally involved taking the 
sample away to a laboratory or inspection room. Using modern measuring 
equipment the measurements can be carried out at the machine if necessary, the 
results transmitted to the computer (which itself can be a dedicated 
microcomputer used at the machine) and the printout will give a histogram for the 
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Fig. 11.22 Sigma 300 statistical analyser connected to a multi-dimension gauging fixture 
checking dimensions and features of aero-engine blade forgings. 


(Reproduced by kind permission of Sigma Ltd.) 
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process, the standard deviation o and the process capability at +30. Skewness and 
kurtosis can also be determined if required. 

The actual measuring equipment can range from a simple digital micrometer 
or calliper for dealing with single dimensions, to a multi-gauging unit as shown in 
Fig. 11.22. This equipment will accept data from 48 inputs and display the analysis 
of that selected, as in Fig. 11.23, while continuing to accept data from the other 
sources for updating. 
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Fig. 11.23. Typical Sigma 300 display. 
(Reproduced by kind permission of Sigma Ltd.) 


Having completed the process capability study it can now be compared with 
the specification for any work to be carried out on that machine and the decision 
made as to whether or not it is capable of doing the job. The computer will now 
calculate the limits for control charts for sample average (X) ana sample range (R) 
and plot the data, the control chart limits being updated if necessary. 


11.512 Control Charts for Attributes 


In section 10.23 control charts for attributes were discussed. These are used 
where it is preferable to count defects or defectives, typical cases being in the 
manufacture of windscreens, where a number of defects may occur in a single 
screen, or in the production of plastic mouldings where, in a sample.of 100 
mouldings, some may be defective. In either case, in’ order to set up the control 
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Fig. 11.24. Control chart for number of defects per sample (‘c’ chart). Note: eaoh sample 
represents defects found in three units inspected. 
Average defects/sample = 9-2 


o = 3-0: o=9: 
Control limit = 18-3 defects/sample. 
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chart it is necessary to take a number of samples and count the defects (or 
defectives) in each. In the first case, the defects per unit are the parameter, the 
chart is called a ʻu’ chart and in the case where the number of defective items in a 
sample is counted it is called an ‘np’ chart. A ‘c’ chart is for the number of defects 
in a sample and a ‘p’ chart for the proportion defective. From this data the 
average number of defects per unit or sample, the process average % defective, can 
be determined to allow control limits for the process to be calculated and charts 
set up. 

In the past this was a laborious process. Data were recorded manually and 
when enough had been gathered the calculations were done manually and control 
charts drawn up and plotted manually. Nowadays software is available which 
enables the data to be entered at a computer keyboard and all calculations and 
charting are done by the computer and printed out. Again, the software allows for 
the updating of information and recalculation of control chart limits. In many 
cases the defects are classified as to type so that the defects which occur most often 
can be clearly seen on the chart, as shown in Fig. 11.24. 

Using computers with suitable software which is commercially available the 
defects can be entered according to classification while the process is running and 
the calculations updated as more information is gathered. Further to this, the 
software keeps a running record of the totals for each type of defect and on 
command will print out a Pareto chart. This is a histogram for the types of defect 
arranged in frequency order as shown in Figs. 11.25 (a) and (b). Indeed, if the 
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Fig. 11.25(a) Pareto diagram — faults at final inspection. 
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defects of one type are originally broken down into different classifications the 
chart can be modified to combine them. 
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Fig. 11.25(b) Modified Pareto diagram with oil leaks in one group. 


Pareto suggested that we should concentrate efforts on the ‘significant many 
rather than the insignificant few’, and the Pareto chart enables this to be done. As 
a rough guide, it is found that 70 per cent of defects are caused by 30 per cent of 
the types of fault and the Pareto chart highlights the significant many. Figs. 11.25 
(a) and (b) are based on data taken from the totals column of Fig. 11.24, and 11.25 
(a) shows clearly that the three major faults are oil leaks from the transfer 
gearbox, faulty tachometer and oil leaks from suspension dampers. However, by 
grouping all of the gearbox type oil leaks together it was apparent that, as a group, 
they were by far the most frequent cause of trouble. Changing the oil seal 
specification cured the problem. The tachometer problem was found to be in the 
electrical connections and this was corrected, and so on. 

Fig. 11.25 (c) shows similar data entered and displayed on a computer 
V.D.U. 

It tollows that as the major cause of defectives are corrected the next most 
frequent causes become those under scrutiny, and as they are corrected, the next 
most frequent, giving an overall and continuing improvement in quality. 
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Fig. 11.25(c) DataMyte hand-held data processor connected to a monitor to provide at-the- 
machine displays of S.P.C. charts for machine operator interrogation. 


(Reproduced by kind permission of Sigma Ltd.) 


In the authors’ opinion there is not a great deal of difference between 
Statistical process control, which is now in vogue, and statistical quality control, 
which has been available for years. However, the availability of low cost computer 
software, which enables a small personal computer to be used to perform the 
calculations, plot the charts and update the charts on the basis of the latest data 
gathered, has made the system much more workable. 


11.6 INTERFACING MACHINES AND MEASURING SYSTEMS 


What of the future, or are we already there? At the current pace of development, 
by the time this work is read it could well be out of date. The information in this" 
chapter should, therefore, be taken as a guide to the way things have gone in the. 
recent past. It does, however, enable us to consider a future which will probably’ 
be already with us by the time this work is read. 

Automatic size control on machines is not new. There are references dating 
back to 1942 but in most cases they controlled a single dimension. One of the’ 
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problems with machine tools has always been that the leadscrew, which caused the 
slideway to move, was also expected to be a micrometer which measured its 
movement. Consider a C.N.C. milling machine whose slideways may be moved by 
leadscrews or hydraulic cylinders or any other form of actuator, but whose 
slideway movements are measured by diffraction gratings. The distance moved is 
measured by a device completely divorced from the actuator that caused that 
movement, and the inaccuracies inherent in actuators are eliminated. Most such 
machines have automatic tool change from a magazine of cutters and are 
programmed to select the tool required for the operation to follow the tool 
change. If one of the tools in the magazine is a touch trigger probe the machine 
would become a coordinate measuring machine and part of the program could 
easily be to run the probe around the workpiece and check it. 


ran as y a 
> E ; a’ ‘ ` 


Fig. 11.26. Renishaw probe included in machine turret for in-process measurement. 
(Reproduced by kind permission of Renishaw Metrology Ltd.) 


Fig. 11.26 shows a Renishaw probe included with the tooling in a machine 
turret. Renishaw have developed a series of touch trigger probes for in-cycle 
applications on machining centres and lathes, so that bit of the future is already 
with us. 

If the machines are that good then why is it necessary to measure the parts? 
Surely they should be right?, This is true as long as the process variability of the 
machine is much better than the work tolerance, i.c. the process is of high relative 
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Fig. 11.27. Operator using hand-held micrometer whose reading is fed to a computer. Data 


precision. But however good they are, tools wear and machine settings change; 
The accuracy of work produced by a C.N.C. machine depends upon the accuracy 
of the initial setting of the machine, and if the tool wears that setting will be lost. 
Similarly, as the machine wears its precision will deteriorate. It may well be 
reasonable to use the machine’s own measuring system to measure the parts it is 
producing and feed the data to a computer, where it is used to update standard 
control charts presented on a visual display unit (V.D.U.) at the machine. Note 
that this is contrary to a basic tenet of old-fashioned measurement, where one 
never measured a part using the machine which produced it; the machine errors 
are included in the measurement and cancel out the errors in the part. However, 
by divorcing the measuring system from the slideway actuating system it may well 
be that the objection to the procedure is removed. 

In Fig. 11.27 an operator is seen measuring a part using a digital micrometer, 
the measured value is accepted by a computer and the output displayed on 4 
V.D.U. as an update on an S.P.C. control chart. How long before the machine 
does the measuring, transmits the data, updates the chart, stops the machine when 
the process is out of control and alerts the operator if maintenance is needed or, if 
all that is required is an adjustment, makes the adjustment and carries On 
working? Is this the future or is it the here and now? 
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Determination of the Flatness of a Plane Surface 


IN Chapter 6 it is demonstrated how an auto-collimator, or a spirit level, may be 
used to measure the deviation from straightness of a machine tool guide-way. 
The same principles may be used to determine the deviation from a true plane of 
a large surface such as a surface table or machine table. 

A flat surface is composed of an infinitely large number of lines, or generators, 
and for it to be truly flat the following conditions must be satisfied: 


(a) All generators must be straight. 
(b) All generators must lie in the same plane. 


It should be noted that provided condition (a) is completely realized then 
condition (b) must also hold good. The two conditions are emphasized as it is the 
verification of condition (b) which is the main problem. Also it must be realized 
that it is not a sufficient test, in the case of a rectangular surface, to measure the 
straightness of generators parallel to the edges. These may all be straight but the 
surface need not be flat. 

Consider a sheet metal box having a pair of diagonally opposite corners 
reduced in height, but whose sides are straight. If the box is filled with plaster of 
paris which is then levelled off with a straight edge which is kept parallel to one 
end, then all lines across the surface must be straight (they were produced by a 
Straight edge). Similarly all lines at 90° to these generators must be straight, as 
the straight edge was controlled by two other straight lines, these being the edges 
of the box. Thus if such a surface is tested for flatness along lines parallel to its 
sides it will appear to be flat. That it is not is clearly seen from Fig. 12.1, it being 
concave across one diagonal and convex across another. 

It is immediately seen that if the surface is to be verified as being truly flat 
then it is necessary to measure the straightness of the diagonals, in addition to the 
generators parallel to the sides. 

The measurement of straightness of all of these lines of test may be carried 
out with an auto-collimator as is described in Chapter 6, but having made these 
Measurements it is necessary to relate each line of test to all of the others, i.e. 
verifying conditions (6) with which this appendix is concerned. 

Consider the surface shown in plan view of Fig. 12.2 on which the eight main 
generators are set out. These should be chosen just inside the edges of the table 
so that the edge area, which is prone to damage, is avoided. The length of the 
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lines 


should be whole multiples of the length of the base of the spirit level or 


reflector stand, whichever instrument is used, and it is advisable to select side and 
diagonal lengths in the ratio of 3:4: 5. 
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Fig. 12.1. A surface, all of whose generators parallel to 
the sides are straight, but which is not flat. 


The procedure is as follows: 


(a) Carry out a normal straightness test on each generator. 
(b) Tabulate each set of results only as far as the cumulative error column. 


(c) Correct the ends of AC; AG; and CG; to zero. This gives the heights of 
points A, C, and G as zero and these three points then constitute an 
arbitrary plane relative to which the heights of all other points may be 
determined. 


(d) From (3) the height of O is known relative to the arbitrary plane 
ACG =OO0O. As O is the common mid-point of AE, CG, BF, and HD, 
all points on AE are now fixed. This is done by leaving A=O and cor- 
recting O on AE to coincide with the mid-point O on CG. 


(e) Correct all other points on AE by amounts proportionate to the move- 
ment of its mid-point. Note that as E.is twice as far from A as the mid- 
point, its correction is double that of O, the mid-point. 


(f) As E is now fixed and C and G are set at zero, it is possible to put in 
CE and GE, proportionally correcting all intermediate points on these 
generators. 

(g) The positions of H and D, and B and F, are known so it is now possible 
to fit in lines HD, and BF, This provides a check on previous evaluation 
since the mid-point of these lines should coincide with the known position 
of O, the mid-point of the surface. 


Thus the height of all points on the surface are known, relative to an arbitrary 
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plane ACG; but this may not be the best plane and correction must be made for 
this. 

However, consider now an example illustrating the method outlined to relate 
a series of test lines to each other. 

The table below is a set of cumulative errors for the lines of test designated 
in Fig. 12.2 on a surface table. 


Fig. 12.2. Surface table marked out with the minimum 
number of lines for a flatness test. 


Cumulative Errors of Individual Lines of Test 


Lines of Test 

C-E B-F 

0 0 

0 0 
-1 +1 
+2 +2 
+5 -2 
+3 -5 
+2 -7 
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It is convenient now to consider these lines of test on a plan view of the sur- 
face as in Fig. 12.3 in which lines AC, AG and CG have been corrected to zero 
at each end. Thus the plane ACG is fixed with the points A, C, and G at zero, 
and points on these three lines are all known relative to this plane, 

It is seen that the mid-point is positioned at +6 units above the plane, and 
the mid-point of line AE must coincide with this position, while point A is known 
to be O. 


+3 
+6 
H + D 
+2 
-1 
0 “h 
G F E 


Fig. 12.3. Three corners of a surface adjusted to zero 

enable the height of the mid-point to be fixed relative to a 

plane through the corners. This enables the height of the 
other corner to be determined. 


Correction for Line A E 


Cumulative ; Height Relative 
Error Correction to Plane ACG 


0 0 0 
+2 

+4 

+5 
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From the table of cumulative erro7s the value of the mid-point of AE is 
seen to have a value of ~4 units. For this to become +6 units it must be raised 
by +10 units and thus point E, which is twice as far from A, must be raised by 
+ 20 units, giving E a final value of ( -24 +20)= -4 units. All other points on 
AE are corrected by proportionate amounts, so that a table for AE may be drawn 
up as shown below. 

These values may be inserted on the diagram of the surface as in Fig. 12.3. 
They are included in Fig, 12.4 along with all other corrected figures, as the two 
separate diagrams may make the position rather more clear. 


GO +] +3 E -3 -3 -4 “GE 


Fig. 12.4. Height of all measured points related to an arbitrary 
plane ACG. 


The height of point E being known as -4 units, relative to plane ACG, 
enables the relative heights of all points on lines CE and GE to be fixed relative 
to this plane. Considering line CE it is seen the value of E in the table of cumula- 
tive errors is +2 units. Hence to make it —4 units it must be corrected by the 
amount -6 units and all other points corrected by proportional amounts. 

Similarly on line GE, point E has a value of — 12 units in the table of cumula- 
tive errors and it must therefore be corrected by +8 units, and by proportional 
amounts on intermediate points. These tables of corrected values are shown 
below. 

It remains now only to fix all points on lines BF and HD relative to the 
plane ACG. 

Considering line BF it is seen that relative to plane ACG, point B has a 
vajue of 4-1 unit, but the value of point B in the table of cumulative errors is O, 
so that initially all points on BF must be increased by +1 unit. 
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Correction for Line C E Correction for Line G E 


Cumulative| Correction 
Error Rel. to ACG 


Then point F, whose cumulative value, corrected by +1 unit, becomes -8 
units, must be made to coincide with its known value relative to plane ACG of 
-2 units, i.e. its value must be increased by +6 units and intermediate values 
corrected by a proportional amount. 

If a similar process is applied to line HD, as in the tables below, then the 
values of the points relative to plane ACG may be inserted in Fig. 12.4. 


Correction for Line B F Correction for Line H D 


Initial Error Initial 
Cor- Cor- Rel. to j Cor- 
rection | rection | ACG rection 


It should be noted that the mid-points of both of these lines of test coincide 
correctly with the value of +6 units for the mid-point of the surface. This pro- 
vides a useful check on the calculations up to this point. 

It may be thought that this is the end of the matter, but this is not so, because 
the plane ACG was chosen entirely arbitrarily, and the definition of flatness error © 
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states that the departure from flatness is the minimum separation of a pair of 
parallel planes which will just contain all points on the surface. Consider a surface 
as shown in Fig. 12.5 (a) in which three corners have heights of zero, relative to 
same arbitrary plane, and the fourth corner has a value of +10 units relative to 
this plane. It might be thought that the departure from flatness is +10 units, but 
if the plane is allowed to tilt about the axis XX and the two opposed free corners 
allowed to become equal as in Fig. 12.5 (b) it is seen that the departure from flat- 
ness is only +5 units. 
X P x 


0 07° +5 0 


5-0 +10, “0 +5 
(a) x (b) 
Fig. 12.5(a). Initial assessment shows a flatness error of +10 units at 


one corner relative to an arbitrary plane. (b). By tilting the whole 
surface about axis XX, the actual error is shown to be +5 units. 


If this procedure is to be followed for the surface shown in Fig. 12.4, it is 
seen that the amount any given point is raised or lowered, depends on its distance 
from the axis. Thus the calculation for this final correction to determine the 
minimum separation of a pair of parallel planes which will just contain the sur- 
face, can become éxtremely laborious, particularly when it is realized that the 
process must be carried out at least twice, on axes at right angles to each other. 

A possible simplification of this process has been suggested, using a graphical 
method as outlined below. If we consider again Fig. 12.5 (a) and make a projection 
of the surface along the line of tilt we see the surface as in Fig. 12.6. 

It is seen that a pair of parallel lines may be drawn, which just enclose all 
points on the surface, whose separation is much less than + 10 units. In fact, if the 
scale is considered, it is 5 units as was found by tilting. 

To apply this technique to the points on a surface such as that in Fig. 12.4 
the procedure is as follows. 


(a) Arrive at the condition shown in Fig. 12.4 and select two points, prefer- 
ably on opposite sides, whose values are the maximum positive and 
maximum. negative relative to the arbitrary plane, in this case ACG. 
Connect these points and project at right angles to the line XX connecting 
them. 

(b) Set off to scale the height of all points relative to a line YY, parallel to 
XX, which represents plane ACG. 
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(c) By inspection select the closest pair of parallel lines which will contain 
all of the points, It should be noted that one line will have two points 
on it, and the other line one point. 


(d) Draw a centre line ZZ between these two and refer all points to this line, 


VIEW OF SURFACE IN DIRECTION 
OF ARROW A 


PAIR OF PARALLEL LINES (PLANES) 
WHICH WILL JUST CONTAIN ALL 
POINTS ON THE SURFACE ARE 


x10 FROM ORIGINAL 
~ 


DATUM FOR ORIGINAL 
PROJECTION AT RIGHT 
ANGLES TO ARROW A 


0 +10 


K 


Fig. 12.6. The true flatness error of +5 units, obtained by tilting in Fig. 12.5 (b), can ao re 
obtained by projection. ni 


It is important to realize that the two parallel lines represent planes at right: 
angles to the plane of the paper. It may be possible to bring them still closer by? 
inclining them, as a pair, to one side or the other. This can be done by repeating: 
the above process, i.e. draw another plan view of the surface inserting the results’) 
from (d) above, and project again at right angles to the line of the original pros oi: 


y 


jection. > PaRa} T 
This procedure has been carried out for the surface referred to previously ‘ 
the results being shown in Fig, 12.7. z a 


It must be emphasized that this is not an exact method. It contains an ca i 
due to the differences in scales for lengths and heights of the surface. Also. morg 
than two projections may be required but in practice it has been found that.the.* x 
percentage reduction in the separation of the parallel planes containing the sure 
face, by continued projection, is not significant unless the line of the original Pie 
jection is particularly badly chosen. es 

Another method of carrying out this process is to refer all points to x,y ‘and Bh 
axes, thus fixing them in space. It is then possible to determine the minimum: 
separation of the parallel planes containing the surface by finding the best plants i 


Atera 
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~ 
z. 
SISO 
hodo o RNa SS 
on S HEIGHT FROM ORIGINAL 


DATUM 


DATUM FOR PROJECTION 


~ APPARENT ERROR OF 
A 10 UNITS RELATIVE TO 


a, ARBITRARY PLANE ACG 


-y 
ALL POINTS ON THE SURFACE 
ARE CONTAINED BY TWO PLANES 
SEPARATED BY 85 UNITS 


NOTE: SELECTED PROJECTION LINES ONLY ARE 
SHOWN. OTHERS ARE OMITTED FOR 
CLARITY 


Fig, 12.7. Determination of flatness error by graphical methods. 


The first projection only is shown. It may be necessary to refer all points to line ZZ and project again 
at 90° to the original projection, but in this case it is unlikely as some of the new maxima are widely 
spaced. 


so that the sum of the squares of all points from it is a minimum. This is an exten- 
sion of the method of least squares (1:51) operating in three dimensions. With a 
large number of points to be considered, a computer is necessary for this 
calculation. 

Finally it must be realized that whatever method is uscd it is a laborious 
process. Many more points would be taken than have been used in the example, a 
complete grid of the surface being tested, all lines related, and cross-checked in 
the calculations. The authors feel that without the aid of a computer the effort 
involved by the graphical method increases least as the number of points surveyed 
increases. 
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modification 142-3 
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installation level 123-4 
principle of 41,70 

telescope 88 

tests 123-30 
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Allowance 101, 102 

Ambient conditions 3 
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Angle Dekkor 85-8, 94 
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circular division 89-94 

optical instruments for 82-9 

precision level 81-2 
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Vise 236 


utomatic machine control 71-2 
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BACK-pressure comparators 61-4, 71 
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Base circle 135, 136, 138, 152, 154 
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Base tangent method for tooth thickness 151-5 
Bearing area, ofsurface 248 
Bearing properties, ofsurface 184 
Bearing ratio, tf, 252 
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Straightness of 126 
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Bench micrometer 68, 164-6 
Binomial probability distribution 226-7 
Blank diameter 138-9 
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Bores, taper 80-2 
British Standard System (of limits and fits) 103 
B.S. 2564 216, 217, 218-19, 220 
Brookes level comparator 49-51, 81 


CALIBRATION: 

of precision polygon 91 

of slip gauges 48 

Camshaft plotting 2534 
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Circular division 73, 89-94, 244-5 
Circular pitch 138, 140 
Clearance 138 

Clearance fit 101 

Clinometer 82 

Coherent light 31 

Collimation 82, 84, 85, 88, 126 
Colours, wavelengths of 14 
Combination angle gauges 85, 86-8 
Comparators 48 

Comparators, design of 49--68 
electrical 66-7 

fluid displacement 62-8 
high-magnification 49-52 
mechanical 53-6 
mechanical-optical 56-60 
pneumatic 61-6 

Compressed limit control charts 224-5 
Computers in metrology 237 
applied to tabular calculations 238 
Confidence limits & 

Constant chord system 149-51 
Constraint 45-6 
Control charts 212-25 

attribute 268-71 

average 214-17, 222, 223, 268 
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range 217, 220, 222, 223, 268 error 111,113 
Control chart limits: effect of error 172-4, 182, 183 

modified, forsample average 219 measurement 168, 170-2 

forsample range 218 Flatness testing 126-30 

forrange 218 interferometryin 18-21 
CoordMate measuring machines 256 of plane surfaces 236-44, 241-4 
Cornercube 35 Floating carriage diameter measuring machine 
Cumulative pitch error: 166, 167 

in gear measurement 159-61 Flow-velocity pneumatic comparators 64-6 

in screw threads 172, 175, 177-8 Fluid displacement comparators 66-7 
Cut-off wavelength 187, 188 Fraction defective control charts 220-1, 234, 

268-71 


DATA gathering 267 

David Brown Involute Form Tester 162 
Dedendum . 139 

Dedicated microprocessars 245-6 Gap gauges 109-10 


applications 254 
Deviation, standard 202-4 toleranceson 107, 112, 113 


Freedom, degrees of 44-7 
Frequency polygon 208-21 


Dial test indicators 43-4, 125, 132 oo cee i 
Diameter: 
accuracy 39 
ee 112, 164, 178-80 materials for 120-1 
major a ee surface finish for 121 
minor : verification of 39-40 


Diameters, large, gauging of 116-17 
Diametral pitch 137, 139, 142, 153, 155 
Diffraction gratings 254, 260-2 


Gauging tolerances, standards 99-121 
hole depth gauges 116 
large diameters 116-19 


Dodge—Romig double sampling 234 limit es 104-11, 112-16 
ENE ada te crew thread 111-13 
Drunkenness of screw threads 175-6 Taylor's theory 108-10, iii 


49, 51-2 Gaussian distribution 209 
Gear measurement 143-62 
addendum modification 142-3 


EDEN-ROLT ‘'Milionth’ Comparator 
Elastic deformation 4 
Electrical comparators 66-7 


Elinvar 121 allowable errors 163 

Emission Theory 13 general tests 143-57 , 

Errors in measurement 1-11 individual elements 143, 144, 146, 157-63 
alignment 2 involute form 161-3 


pitch 157-61, 244 
rollers, measurement over 143, 145-6 
rolling tests 143, 144-6 
tooth thickness tests 146-55 
undercutting 142-3 
Gear-toothvernier 147, 151 
Gears: 


ambient conditions 3 
arithmetic 4 

calamitous or catastrophic 2 
compound 6-7 

cosine 3 

elastic deformation 4 
measuring 6 


reading 2,5 definitions and standard proportions 136-9 
scale 5 involute curve 135 j 
Expansion, coefficientof 3 involute function 136 
measurement of 143-63 
FATIGUE life 184 noise problem 134 : 
Fits, systemsof 100-3 teeth 134-9 ue 
British Standard System 103 typesof 135-6 á i 
hole basis 102 velocity ratio 134, 135 
Newall System 103 Glass, for gauges 121 
shaft basis 102 Glass scales, divided 89-91 
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HELICAL gears 134, 139-41 

tooth thickness 150, 155 
High-magnification gauge comparators 49-52 
High spot count, in surface texture assessment 
Hole basis system of fits 101, 102, 103 
Hole depth gauges 116 
Horizontal length comparator 68-9 
Huygens, Christian 13 


INDEX grating 260 
Indexing devices: 

calibrating of 91-2 

and cumulative pitch errors 159-60 
Inertia 44 
Installation level 123-4 
Instruments, design and operationof 40-4 
accuracy 43 

alignment 41-2 
inertia of moving parts 44 
sensitivity 44 

variance. 44 
Interfacing of machine and measuring equipment 

272-4 
Interference: 

fit 101 

microscope 195-8 
Iaterferometers 21-30 

laser 31,35 

N.P.L. 21-4 

N.P.L.-Tesa gauge length 254 
Pitter-N.P.L. 24-30 
Interferometry 13, 15-18 


in flatness testing 18-21 pork 
Invar 121 tas) 


Involute curve 135 Vela 
Iiolute form 161-3 mis 
In®lute function 136 
JOHANSSON ‘Mikrokator’ 53-4 
KINEMATICS 40, 44-7 


constraint 45-6 
freedom, one degree of 46-7 


Lasers 30-6, 254-5 

diffraction 31 

interferometer 35 

Least squares, method of 241, 264 
Least squares plane 243 

Length bars 39-40, 68-9 

Length standards: 

angles derived from 73-6 
evolution 12 . 

light waves as 13-30 


250 


New 
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Light, nature of 13-14 
Light emitting diodes 256, 259 
Light waves as length standards 
application, fieldof 13 
flatncss testing 18-21 
interferometry 13, 15-18 
monochromatic rays 14-17 
nature of light 13-14 
Limit gauges 104-11, 112-16 
heat treatmentof 120 
hole depth 116 
materials for 120-1 
screw threads 111-12 
taper 113-16 
Taylor’s theory 108-10, 111 
Te-bo 110-11 
Limits and fits, systems of 
Line of action 136 
Linear measurement 37-72 
comparators, ucsignof 49—68 
gauge blocks, comparison of 47-9 
instruments, design and operation of 404 
kinematics 40, 44-5 
length bars 39-40 
machine control, automatic 71-2 
machines for, design and operation of -68-71 
slip and block gauges 37-9 
Linear-variable differential trunsformers 254 
Lobing 109-10 
Lot tolerance percent defective (L.T.P.D.) 231 


13-30 


100-3 


MAAG Pitch Measuring Instrument 158 
Machine control, automatic 71-2 
Machine tools 122-33 
alignment tests 123-30 
sGuareness 130-2 
Machines, design and operation of 68-71 
horizontal length comparators 68-9 
photo-electric microscope 71 
universal 70 
Mechanical comparators 53-6 
Mechanical-optical comparators 56-60 
Method of least squares 9-10, 241, 264 
Metre: 
definition of 12 
aslengthstandard 12 
Micrometer 41, 78, 84, 155 
bench 68, 164-6 
photo-electric 71 
Microptic auto-collimator 84-5 
Microscopic flank angle measurement 
Module 137 
Muiré fringes 260 
Monochromatic rays 


170-2 


14-17 
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NEWALL System 103 

Newton, Sir Isaac 13 

Noise problem, gearsand 134 
N.P.L. flatness interferometer 21-4 
N.P.L. projector 168-70 


O.M.T. OMTIMETER 58-60 
Operating characteristic (O.C.) curve 229-31, 232 
Optical comparators 84 
Optical flats 18-24, 195-6 
Optical instruments for angular measurement 
82-9 

alignment telescope 88 

Angle Dekkor 85-8 

microptic auto-collimator 84-5 
Optical square 98, 131-2 


‘p’ CHART 270 
Parallax 50 
Pareto diagram 270-1 
Parkson Gear Tester 144, 146 
Partial differentiation 7 
Passivity 44, 64 
Peak count, P, 250 
Peak to valley height R, 191, 246 
Pentagonal prism 98 
Periodic pitch error 175 
Photo-diode 35, 36, 261 
Photo-electric microscope 71 
‘Pin’ gauge 116-18 
Pitch, gear, measurementof 157-61 
Pitch circle 137, 138, 139-40, 152, 156 
Pitch errors in gear measurement 158-61 
Pitch errors in screw threads 111, 112, 113, 174-8 
effectof 177-8, 182, 183 
measurement of 176-7 
typesof 174-6 
Pitch and profile tolerances 163 
Pitter-N.P.L. gauge interferometer 24-30 
Plane surface, determination of flatness of 236-44 
Plug gauges 76-8 
Te-bo 110-11 
toleranceson 106, 112-13, 114 
Pneumatic comparators 61-6 
Poisson probability distribution 227-8 
Precision level 81-2 
Precision polygon 91-2 
calibration of 92-4, 244 
Pressure angle 136-7, 139, 140, 141, 153 
Prisms: ‘ 
to measure minor diameter 166-7 
to measure squareness 98, 131 
Probability theory 226-8 
Process average 231 
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Process capability 265, 266 
Process control: 
by attributes 267, 268 
by measured variables 267-8 
Process variability 199-212, 216, 217, 219 
standard deviation 210-12 
Programs: 
gear pitch test 245 
straightness test 239 


QUALITY control charts 212, 214-20, 222, 223 


R, VALUE 193-5 
Radial gratings 261 
Radii, large external 118-20 
Range, control charts 217, 218, 220 
Relative Precision Index (R.P.I.) 216, 219, 220 
Renishaw probe 258-9 
Replica method of surface measurement 198 
Ring gauges 78-9, 109 

toleranceson 107,112, 113 
Rollers, measurement over 145, 156-7 
Rolling gear tests 144-6 

single flank test 146 
Root mean square (R.M.S.) value 192 
Roughness 186-8 
Roundness 198-206, 253 


SAMPLING inspection 225-35 
Schlesinger, DrG. 123 
Screw ring gauges 183 
Screw thread gauges, heat treatment for 
Screw thread projector 168-70 
Screw threads: 
allowable errors 111, 113 
limit gauges for 112-13 
reference gauges for 113 
vee-form 164, 165 
Screw threads, measurement of 164-83 
diameter, major 164-6 
diameter, minor 166-8 
diameter, simple effective 178-82 
diameter, virtual effective 182 
pitcherrors 174-8 
screw ring gauges 183 
thread form 168-74 
Selective assembly 100 
Semi-reflectors 35 
Sensitivity 42,44 
Shaft basis system of fits 
‘Sigma’ comparator 54-6 
Simple effective diameter 
Sine bar 73-6 
Sine centre 76-7 


120-1 


yn 


101-2 


164, 178-82 


Sine tables 76 
Single flank test, for gears 146 
Size limits of 101, 102 
Sizing system, automatic 71-2 
Slip gauges 37-40 
accuracy, gradesof 38,39, 43 
calibration of 38-9, 43, 47-9, 51 
‘wringing’ 37 
Small diameter measurement, by laser diffraction 
314 
Spindle tests 125-6 
Spirit levels 81-2 
Spur (straight tooth) gears 134, 139 
allowable errorsin 163 
tooth thickness measurement 146-9 
Squareness, measurement of 94-8 
contact methods 94-6 
error, correction of 95-6 
optical methods 97-8 
Standard deviation 8-9, 210, 218 
Statistical process control 265-74 
Statistical quality control 207-35 
control charts 212-25 
probability theory 226-8 
process variability 207-22 
sampling inspection 225-35 
Straightness, tests for 126-30 
Stylus probe instruments 188-9 
Surface finish 184-8, 246-53 
amplitude parameters 246 
bearing properties 184 
fatigue life 184 
for gauges 121 
hybrid parameters 247 
meaning of 185-8 
spacing parameters 247, 250 
Statistical parameters 246-7, 248-9 
wear 185 
Surface finish measurement 188-98 
interference microscope 195-8 
methods 188-91 
replica 198 
Surface traces, analysisof 190-4 
R, value 193-5 
peak to valley height, R, 191 
-7 R.M.S. value 192 
Sykes Gear Tooth Comparator 150-1 
Système International d’Unités (SI units) 12,13 


TABULATED calculations, by computer 238-45 
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Tally chart 8, 208, 220, 267 
‘Talymin’ gauging head 145 
‘Talysurf instrument 145, 189-91, 195 
Taper bores 79-81 
Taper gauges 76-81 
bares 79-81 
measuring machine for 78 
plug 76-8 
ring 78-9 
Taper limit gauges 113-14 
Taylor’s theory of gauging 108-10, 111 
Taylor-Hobson ‘Talysurf’ 145, 189-91, 195 
Te-bo gauge 110-11 
Teeth, gear 136-9 
undercuttingin 142-3 
Telescope, alignment 88 
Tesa Metrology Ltd. 254 
Test bar 125 
Thread drunkenness 167-8 
Thread form measurement 168-74 
flank angle errors, effect of 172-4 
microscopic method 170-2 
projection method 168-70 
Thread limit gauges 113 
Thury, M. 89 
Timoshenko, S. 4 
Tolerance 101, 102; see also Gauging tolerances 
Tomlinson surface meter 189, 190, 195 
Tooth thickness, measurement of 139, 146, 155 
base tangent method 151-5 
constant chord 149-51 
at pitch line 148-9 
Touch trigger probe 258-9 
Transition fit 101 
‘Turn round method’ of squareness test 130 


‘u’ CHART 270 
Undercutting, in gear teeth 142-3 
Universal measuring machine 70 


VARIANCE 43-4 

Vernier calliper 41-2, 117, 146 
Vernier depth gauge 147 

Virtual effective diameter 164, 182 


Wave Theory 13-14 
Waviness 186-9 
Wcar 185 
allowance 104, 113 
‘Wringing’ 37,87 


n 7 Ae 


~ 
SO 
m= 


